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ABSTRACT 
 
  Development of perennial-grass bioenergy crops relies on investigating the genetic 
resources, understanding the physiology, and optimizing the agronomic practices related to 
biomass production. As one of the dominant native grass species (Poaceae), prairie cordgrass 
(Spartina pectinata Link) showed potential as a dedicated bioenergy crop on marginal land. 
However, prairie cordgrass biomass-production research has been limited to several local 
varieties or cultivars. To further investigate its genetic resources, natural prairie cordgrass 
populations collected from the Midwest to east coast of U.S. were planted and evaluated in an 
experimental nursery at Urbana, IL. The 4-year field study of 42 prairie cordgrass natural 
populations revealed extensive variations in biomass yield and phenotypic traits associated with 
biomass yield among these populations. A survey of molecular variation of 96 natural 
populations identified significant population structures and potential gene pools within the 
species. ‘Savoy’ prairie cordgrass, a cultivar developed from a natural Central Illinois prairie 
cordgrass population, was evaluated for biomass yield and feedstock quality in response to 
seeding rate, row spacing, and nitrogen fertilization. Based on the results of four years’ 
evaluation, ‘Savoy’ prairie cordgrass can be successfully established in 76-cm rows spacing with 
a seeding rate of 162 PLS m-2; after establishment, the recommended N application rate is 6 kg N 
ha-1 per dry Mg of biomass removed from prairie cordgrass harvested after a killing frost. To 
compare the growth development of dormant prairie cordgrass and switchgrass (Panicum 
virgatum L.), two locally adapted prairie cordgrass populations, ‘IL102’ and ‘PCG109’, were 
subjected to ambient photoperiods in a temperature-controlled greenhouse. The results indicated 
prairie cordgrass has a more s*-ynchronized dormancy-breaking pattern than switchgrass. 
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CHAPTER 1 
INTRODUCTION 
 
The increasing worldwide demand for energy and global climate change and extreme 
weather-condition concerns have led to the development of second generation bioenergy crops 
(IPCC, 2013; Laird, 2008; Gelfand et al., 2013). Identified as preferred dedicated cellulosic 
bioenergy feedstock crops, perennial warm-season grasses can provide high annual biomass 
yield, while mitigating GHG emissions through soil carbon sequestration when grown on 
marginal land (Sanderson et al., 1996; Frank et al., 2004; McLaughlin & Walsh, 1998). In order 
to maximize bioenergy production on marginal land, energy crops should tolerate high abiotic 
stresses and maintain annual biomass yield under fluctuating weather conditions (Simmons et al., 
2008; Dale et al., 2011). However, previous studies have focused on a few grass species such as 
switchgrass and Miscanthus x giganteus, with rare reports of biomass production under marginal 
conditions. Therefore, it is necessary to study and develop perennial grass species having high 
biomass yields and stress tolerances that have been underutilized or unexploited. 
Prairie cordgrass (Spartina pectinata Link) is a native perennial warm season (C4) grass 
common in North America. It is well adapted to both wet and dry soils and has a potential 
biomass yield of up to 20 Mg ha-1 in northern environments. There is great potential to develop 
prairie cordgrass as a dedicated bioenergy crop for sustainable cellulosic biofuel production. 
However, as many other unimproved grass species, prairie cordgrass has both merits and 
difficulties breeding and improving natural populations. There are few reports focusing on 
prairie cordgrass genetic resources related to the biomass production of adapted varieties or 
natural populations; Boe and Lee (2007) and Boe et al. (2009) reported on studies from eastern 
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South Dakota and Potter et al. (1995) from Europe. Further investigations of biomass yield 
potential, phenotypic characteristics associated with biomass yield, and agronomic management 
practices related to biomass yield should be conducted using natural prairie cordgrass 
populations. Little information is available on the molecular variation in prairie cordgrass. 
Classical cytotaxonomic studies reported that the ploidy levels in prairie cordgrass range from 
tetraploids (2n=40), hexaploids (2n=60), to octoploids (2n=80) (Church, 1940; Marchant, 1968a 
and b). Recently, extensive cytological surveys on a wide collection of natural populations by 
Kim et al. (2010, 2012a and b) indicated a cytogeographic distribution related to geographic 
separation in prairie cordgrass and provided evidence of existing regional gene pools. More 
studies on nuclear molecular variation can be conducted to reveal the population structure and 
evolutionary patterns in prairie cordgrass. 
It is important to understand the phenological and morphological behaviors when 
improving and managing perennial native warm-season grasses grown for bioenergy production. 
The photoperiod responses of perennial plants can have significant impact on both vegetative 
and reproductive growth (Rathcke & Lacey, 1985). As an important survival strategy, 
photoperiod oriented dormancy-breaking patterns in perennial species are significantly 
influenced by rapidly changing environmental conditions (Kramer et al., 2000; Arora et al., 
2003). Prairie cordgrass and switchgrass are both considered to be potential bioenergy crops that 
can grow in a wide range of environmental conditions (Sanderson & Adler, 2008; Boe & Lee, 
2007). For example, switchgrass showed photoperiod and flowering time responses to variably 
growing season lengths (Casler et al. 2004). Information on prairie cordgrass responding to 
different photoperiod condition has not been reported. Therefore, the responses of these two 
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perennial grasses to unacquainted photoperiodic cycles can be evaluated and compared to decide 
whether a different breeding strategy should be used. 
The objectives of this research were to (1) assess phenotypic and biomass yield variations 
in natural populations of prairie cordgrass in the USA, (2) investigate population genomic 
variation and potential diversity centers of prairie cordgrass revealed by single nucleotide 
polymorphism markers, (3) evaluate biomass yield and feedstock quality of ‘Savoy’ prairie 
cordgrass in response to seeding rate, row spacing, and nitrogen fertilization, and (4) compare 
growth and development of two perennial grasses in ambient light condition during their natural 
dormant period. 
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CHAPTER 2 
PHENOTYPIC AND BIOMASS YIELD VARIATIONS IN NATURAL POPULATIONS 
OF PRAIRIE CORDGRASS (SPARTINA PECTINATA LINK) IN THE USA1  
 
ABSTRACT 
 
Prairie cordgrass (Spartina pectinata Link) is a productive warm-season, C4 perennial 
grass native to most of North America having tolerance to marginal conditions. Excellent stress 
tolerance, along with high biomass yields, makes prairie cordgrass a good candidate as a 
dedicated energy crop on marginal land. However, there is little information available on genetic 
variation, including yield potential, of native populations in the USA. The objectives of this 
study were to evaluate biomass yield and to identify the nature and extent of genetic variation in 
natural populations of prairie cordgrass by comparing endemic strains collected throughout the 
USA. Forty-two prairie cordgrass populations were collected from prairie-remnant sites in 13 
states and evaluated at the University of Illinois in Urbana, IL. The four-year field study of 
prairie cordgrass revealed extensive variations in biomass yield and phenotypic traits associated 
with biomass yield. Strong correlations were observed between the phenotypic values and 
origins of the populations. Path coefficient analysis indicated that tiller mass, tiller density, 
heading date, plant height, and phytomer number positively affected biomass yield. However, the 
phenotypic traits including biomass yield showed significant variation among years except for 
phytomer number and heading date. With the extensive genetic variability and high biomass 
yield potential demonstrated in this experiment, prairie cordgrass could become a highly 
productive bioenergy crop by developing a well-planned breeding program. 
1 Reprinted, with permission, from Jia Guo, Santanu Thapa, Thomas Voigt, A. Lane Rayburn, Arvid Boe, and D.K. Lee (2013) Phenotypic and biomass yield 
variations in natural populations of prairie cordgrass (Spartina pectinata Link) in the USA. Bioenergy research. 8:1371-1383. 
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INTRODUCTION 
 
As a sustainable and renewable source of energy, bioenergy derived from lignocellulosic 
biomass diversifies the world energy supply, improves rural economies, and addresses 
environmental concerns such as air pollution and greenhouse gas (GHG) emissions (Demirbas 
2009). Furthermore, growing next generation energy crops on marginal land associated with 
abiotic stress could mitigate GHG emissions, water quality degradation, and biodiversity crisis 
(Gelfand et al. 2013; Laird 2008; Beringer et al. 2011). In order to maintain biomass production 
on marginal land, developing energy crops with abiotic stress tolerances is necessary and will 
result in a reduction in competition for land with food crops, as well as improve sustainable 
cellulosic biomass feedstock and bioenergy production (Dale et al. 2011; Simmons et al. 2008).   
Prairie cordgrass is a warm-season perennial grass native to North America extending 
from Mexico to above 60° N, from Newfoundland to Alberta in Canada and throughout 41 states 
in the USA (Barkworth et al. 2007; USDA-NRCS 2008). Prairie cordgrass habitats cover wet to 
moist prairie swales and sloughs and low areas alongside rivers and tributaries (Weaver 1954; 
Weaver 1960). However, prairie cordgrass is also frequently found in open, dry prairies and on 
the banks of railroad right of ways in the midwestern USA (Mobberley 1953). As one of the 
dominant grasses of wet prairies in the Midwest, prairie cordgrass is unique among tallgrass 
species and valued for wetland re-vegetation of flooded salt marshes due to its moderate salinity 
tolerance (Montemayor et al. 2008; Skinner et al. 2009). Moreover, a field trial of prairie 
cordgrass produced more biomass than switchgrass (Panicum virgatum L.) on well-drained 
prime land (Boe & Lee 2007), and Boe et al. (2009) reported that prairie cordgrass and 
switchgrass produced comparable yields on dry, marginal land. In two studies (Madakadze et al. 
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1998; Skinner et al. 2009), prairie cordgrass’ early growth in spring and rapid tiller density 
expansion showed great potential for biomass production in northern latitudes. In Urbana, IL, 
prairie cordgrass shoots typically emerge in early March and reach a height of 1.5 m by the end 
of May (Jia Guo, personal observation). Prairie cordgrass stabilizes stream banks and sequesters 
high soil carbon through its deep root system and belowground biomass production with strong 
rhizome formation (Weaver & Fitzpatrick 1932; Boe et al. 2009).  Under saline conditions, 
prairie cordgrass maintained germination rates and produced more biomass than switchgrass 
(Kim et al. 2012a), and Skinner et al. (2009) reported that prairie cordgrass had the greatest 
flooding tolerance among six species grown in a riparian environment. A mixture of prairie 
cordgrass and other tall grasses, which was used in a conversion of seasonally wet cropland back 
to permanent grassland used for hay and seed production, effectively reduced soil erosion and 
improved water quality and biological diversity, as well as farmer income in the northern Great 
Plains (Zilverberg et al. 2014). As one of the most northerly distributed warm-season grasses, 
prairie cordgrass has survived January means of -25 ºC and more than 4 months below 0 ºC 
(Long 1983).  
Prairie cordgrass is a polyploid species composed of two major cytotypes, tetraploid 
(2n=4x=40) and octoploid (2n=8x=80) (Church 1940). Reeder (1977) concluded that octoploid 
populations were distributed across Colorado, Nebraska, and Wyoming, USA, whereas 
populations from Canada and the eastern USA were tetraploids. A mixed-ploidy population of 
tetraploid and hexaploid with distinct morphological characteristics was reported by Kim et al. 
(2012c). This neopolyploidy population revealed a polyploidy series of prairie cordgrass with 
chromosome numbers of 2n=4x=40, 2n= 6x=60 (hexaploid) and 2n = 8x = 80. In a previous 
study using noncoding chloroplast DNA sequencing on natural populations of prairie cordgrass, 
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Kim et al. (2013) identified haplotype variations that strongly associated with geographic 
distribution. A combination of cytogeographic and chloroplast sequence information revealed 
three major groups of prairie cordgrass populations across the western and eastern USA (Kim et 
al. 2012b; Kim et al. 2013).  
Genetic variation and environmental stress tolerance makes prairie cordgrass a good 
candidate for future energy crop development and production. However, to date, few studies 
have reported on the field performance of prairie cordgrass and provided limited genetic or 
geographical information. A study of seven naturally collected prairie cordgrass populations 
from eastern South Dakota, USA, showed significant variation in biomass production (5.0–9.7 
Mg ha–1) (Boe & Lee 2007). However, when these populations were grown on dry marginal land 
in near Aberdeen, South Dakota, USA and an average biomass yield of 1.37 Mg ha-1 was 
reported (Boe et al. 2009). Due to earlier spring emergence and extended growing season into the 
fall, prairie cordgrass produced more biomass than switchgrass, big bluestem (Andropogon 
gerardii Vitman) and Indiangrass (Sorghastrum nutans L.) in a field study in Quebec, Canada, 
where the growing season is very short (Madakadze et al. 1998). Among other tall grasses, 
prairie cordgrass ranked highly in biomass production under flooded conditions (Skinner et al. 
2009). ‘Red River’ prairie cordgrass, natural germplasm from South Dakota, North Dakota, and 
Minnesota, was the only commercially available seed used for field evaluations.  
Compared to the restricted germplasm resources available from a limited area, an 
expanded new collection of the natural range of prairie cordgrass populations in the USA is 
required in order to establish an effective breeding program. Moreover, for developing a high-
yielding cultivar adapted to specific locations, gaining understanding of phenotypic variation 
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among different ecotypes of prairie cordgrass and association of biomass yield with phenotypic 
traits is also necessary.  
In order to study the relationships among phenotypic traits, a correlations coefficients 
analysis is required. However, correlation analysis provides limited information because the 
complex inter-relationships among traits are neglected. To fulfill the indirect selection criteria, 
inter-relationships must be evaluated by applying partial regression coefficients such as path 
coefficient (Garson 2008). Several studies of prairie grass seed yield were carried out using path 
coefficient analysis. For example, Dewey and Lu (1959) pointed out that path coefficient 
analysis is useful in selecting criteria for maximum seed yield of crested wheatgrass (Agropyron 
cristatum (L.) Gaertn), and Boe and Ross (1983) reported correlations among seed yield and 
fertility index and florets per culm in big bluestem. Previous switchgrass and prairie cordgrass 
population studies found that plant height, latitude of origin (north latitude), phytomer 
components, and tiller density directly affected biomass yields (Casler et al. 2004; Das et al. 
2004; Boe & Casler 2005; Boe & Lee 2007). Thus, a survey of prairie cordgrass yield-
component effects on biomass production can partition the phenotypic variation into a more 
realistic and effective analysis.   
The highly heterozygous genetic background, complex ploidy system, and outcrossing 
nature among prairie cordgrass populations offers breeders considerable variation to explore and 
employ. In this study, with a wide range of prairie cordgrass populations collected from the 
eastern half of the USA, a common garden nursery (Clausen et al. 1948) was established to 
evaluate biomass yield potential and to identify the nature and extent of genetic variation in 
natural populations of prairie cordgrass.  The objectives of this study were: (1) assess 
morphological and behavioral variability and biomass yield potential; (2) determine the 
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associations among biomass yield and phenotypic traits; and (3) determine the relative 
importance of direct and indirect effects of yield components and other sources of morphological 
and behavioral variation on biomass yield in prairie cordgrass.  
 
MATERIALS AND METHODS 
 
During 2008 and 2009, seeds or rhizomes from 42 natural populations of prairie 
cordgrass were collected from putative remnant prairie sites in 13 states throughout the 
Midwestern and eastern USA (Table 2.1). In order to represent the population at each location, 
seeds were collected from all visually identifiable clones covering the entire area. When no seeds 
were present, a minimum of 16 rhizomes, each from a different clones, were collected to sample 
the genetic pool for the population. More than 100 rhizomes of each of two germplasms 
(KST=Kingston germplasm; STP = Southampton germplasm) were obtained from the USDA-
NRCS Big Flats Plant Material Center, NY. Geographic information (Table 2.1) of KST was not 
available since it is represented by a bulk of seeds collected from New England area (NH, MA, 
ME) (Miller 2013a; Miller 2013b). Collected seeds and rhizomes were stored at 4 ºC. In January 
2010, a sample of seeds from each population was planted in a 96-cell plate and rhizomes were 
planted in 12-cm diameter pots filled with Sunshine SB300 Universal soil (American Plant 
Products & Servies, OK, USA). Seedlings and rhizome-derived plants were maintained in the 
University of Illinois Urbana-Champaign greenhouse (14-h photoperiods at 24-26 ºC) until 
transplanting in the field. 
In Spring 2010, plants of all collections were transplanted to a field nursery at the Energy 
Bioscience Institute/University of Illinois Energy Farm in Urbana, IL (40°6'N, 88°13'W), into 
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Drummer silty clay loam (Fine-silty, mixed, super-active, mesic typic Endoaquolls). Weeds were 
controlled by applying 0.28 kg ai ha-1 quinclorac (3, 7-dichloroquinoline-8-carboxylic acid) 
before the growing season and 0.79 kg ae ha-1 2, 4-D ester (2-ethylhexyl ester of 2,4-
dichlorophenoxyacetic acid) in the mid-season from 2011 to 2013. In April of 2011, 2012 and 
2013, plots were also fertilized with 112 kg N ha-1. 
Populations were arranged in a randomized complete block design with four replications. 
Individual plot size was 3.6 m x 3.6 m, and each plot consisted of four rows of four plants spaced 
on 0.9-m centers to minimize inter-plant competition. One prairie cordgrass population, IL-102, 
selected from a local Illinois collection, along with the lowland switchgrass cultivar, Kanlow, 
were included as checks. The cultivar Savoy (USPTO Publication No. US-2013-0333067) was 
developed from IL-102. Field evaluation and collection of growing season weather records were 
initiated in spring 2010. 
Field data (plant vigor, rhizome types, phenotypic traits, and biomass yields) were 
collected in each plot during 2010 through 2013 growing seasons. Plant height (PH, m), 
phytomer number (PN) and heading date (HD, DOY) were recorded on four plants in each plot. 
Heading date and PN were determined when emergence of the first panicle was observed. Plant 
height was measured from the soil surface to the tip of the extended uppermost leaf. Four 
centrally located plants in each plot were hand harvested at 10 cm stubble height in late 
November 2011 and 2012, and the weight was recorded as fresh plot biomass yield. In 2013, 
individual plants could not be distinguished for most populations due to the sod forming nature 
of prairie cordgrass. As a result, November 2013 biomass yields were determined by harvesting 
1.2 m by 3.6 m through the center of each plot using a plot combine (Wintersteiger Cibus S 
harvester mounted with a Kemper forage chopper, Ames, IA) at a 10 cm stubble height. In 2011 
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through 2013, subsamples of at least 1kg were collected from each plot before the biomass 
harvest and subsamples were dried at 60 ºC for 96 hours to determine dry matter weights. After 
drying, the samples were separated into reproductive and vegetative tillers, and tiller density 
(TD, no. of tillers plant-1) and tiller weight (TW, g tiller-1) were determined based on plant 
weight (PW, kg plant-1), vegetative tiller weight (VTW, g plant-1), reproductive tiller weight 
(RTW, g plant-1), and percentage of reproductive tillers per plant (RT%).  
The magnitude of genetic variability among populations was estimated by comparing 
phenotypic characteristics including PW, TW, TD, VTW, RTW, RT%, HD, PH, and PN. 
Analysis of variance (ANOVA) was conducted with population as a fixed effect and blocks as 
random effects. For an exposure of various environments between 2011 and 2013, year was fit 
into the model as a repeated effect. Analysis of variance was conducted as a split-plot in time 
model for traits with significant population × year interaction effect. Auto Regression was used 
as the covariance structure. Plot mean values were determined for all traits across collection 
locations and used in regression and clustering methods to test relationships among phenotypic 
characteristics and population distribution patterns. Linear regression among highly correlated 
traits was performed. Comparison of population means was calculated using Tukey’s 
Studentized Range (HSD) Test for the traits with a significant difference (P = 0.05) among 
collection origins. Data analysis including ANOVA and mean separation was performed in SAS 
(SAS Institute, Cary, NC). Since significant population × year interactions occurred for most of 
the traits, path coefficient analyses of traits contributing to biomass yield were separated from 
years. 
Simple linear correlation coefficients between pairs of traits were computed. Path 
analysis was used to discern direct and indirect contribution of a predicator on a response 
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variable (e.g. plant height affects plant biomass yield by a direct effect and plant density through 
an indirect effect). Multiple-regressions of nine variables against PW were used to select 
potential predictors. A stepwise reduction of number of variables was performed based on the 
variance inflation factor (VIF) [1 / (1-R2)] and tolerance (1-R2). A small tolerance (< 0.1) or 
large variance inflation factor value (>10) indicates high collinearity (Hair et al. 1995). 
Therefore, prior to path analysis, TW and TD were eliminated due to high collinearity with other 
variables. A conventional model for path analysis, where all variables were considered as first-
order variables, showed that (model residuals = 0.32, 0.36 and 0.42 for 2011, 2012 and 2013, 
respectively; using three years’ data with all nine variables) HD and PN had lowest direct effects, 
and PH had the highest direct effect among all the variables (data not shown). Thus, a reduced 
model was subjected into path coefficients analysis based on tolerance and VIF, besides the 
magnitude of direct effects (Figure. 10). Six variables including VTW, RTW, RT%, HT, HD and 
collection origin information (LAT, North latitude) were used as predictor variables and PW was 
used as a response variable. Heading date and LAT were considered as manifest factors affecting 
other variable and retain effects on PW. Baseline chi-square tests of model for each year’s data 
showed non-significant values (P < 0.01), validating the model for path analysis on this dataset. 
Path coefficient analysis was calculated with assistance of lavaan package under R studio 
program (Rosseel 2012; Team, R. C. 2012). 
 
RESULTS 
 
Weather conditions were highly variable among growing seasons, most notably a severe 
drought occurred from March through August in 2012 (Figure 2.1 and Figure 2.2). Analyses of 
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variance indicated significant genetic variability among populations for biomass and eight 
phenotypic traits including PW, TW, TD, VTW, RTW, RT%, HD, PH, and PN. The population 
× year interaction was also highly significant for all variables, except PN and variation, among 
the populations was also highly significant for all nine traits (Table 2.2 and Figure 2.3). Means of 
phenotypic variables varied significantly among years with the exception of PN, which was 
consistent among years (Table 2.2 and Figure 2.3). Although differences in plant dry weight 
were observed within the regions of collection origin, greater differences were observed among 
regions (Figure 2.4). Based on a plot-scale harvest, biomass yields of the ten highest yielding 
prairie cordgrass cultivars were comparable to that of Kanlow in 2013 (Figure 2.5). 
Mean separation among populations from both within and among regions showed 
significant differences (Table 2.3). Populations originating from southern regions were taller, 
flowered later, and had more phytomers than populations originating from northern regions. The 
populations from the southern Midwest (IA, IL, KS, MO, and OK) had greater PM, TM, PH, and 
later heading date than most populations from other regions. The populations with the longest 
duration of growth were also from the same region (IL, KS, and OK), which belongs to USDA 
Plant Hardiness Zones (PHZ) 5 and 6. Populations from the northern Midwest (SD, ND, MN, 
and WI) had shorter plants and lower RTM. Populations from the East region (CT, NH, NJ, 
KST, and STP) had low TD with a high RT% (Table 2.3).  
Linear regressions of least squares means of three years on north latitude were significant 
(P < 0.01) for eight of the nine phenotypic traits (data not shown). Plant weight, HD, PH and PN 
were positively correlated (P < 0.01) with each other across all three years. Plant weight and TW 
were positive (P < 0.01) on HD (Figure 2.6). Populations collected from the southern regions had 
the greatest PW and the latest HD (Figure 2.7). Phytomer number was positively correlated (P < 
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0.01) with TW and PH (Figure 2.8). Plant height and PW were positively correlated (P < 0.01) 
with PW (Figure 2.9). However, PN was not significantly correlated with the PHZ of the 
collection sites (P = 0.063).  
Simple linear correlation coefficients between PW and nine traits (TW, VTW, RTW, TD, 
RT%, HD, PH, PN, and LAT) for each of the three years are shown in Table 4. Plant weight 
showed significant positive correlation with TW, TD, HD, PH and PN. There was a negative 
correlation between PW and LAT. The populations originating from northern latitudes had lower 
PW. Tiller weight was negatively correlated with TD, and TD was negatively correlated with 
RT% in all three years. Percentage of reproductive tillers per plant was not highly correlated with 
other traits across all years. 
Direct effects generated from path coefficient analyses are presented in Figure 2.10 using 
all three years’ data. Direct effects and indirect effects are presented separately for each year’s 
data in Table 2.5. Since there were significant population × year interactions for most of the 
traits, path coefficient analyses of traits contributing to biomass yield were separated from years. 
Plant height had the greatest positive direct effect on PW in each individual year and across three 
years. Reproductive tiller weight, LAT, and RT% consistently had negative direct effects on PW 
in all years. Heading date and PN did not have any direct effect on PW. For the across-years 
analyses, results of modified path analysis showed lower or comparative residuals values with 
the first-order model. 
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DISCUSSION 
 
Comparison of phenotypic variation associated with tiller and sward architecture of 
perennial grasses originating from a wide geographic range extends the understanding of 
biomass yield potential and provides useful information for selecting plant materials for 
improvement of future bioenergy breeding programs. Biomass yield is one of the most important 
criterion in selecting dedicated bioenergy crops, and often TD, TW and HD are important traits 
associated with perennial grass biomass production (Casler et al. 2004; Das & Taliaferro 2004; 
Boe & Beck 2008). 
Distinct phenotypic characteristics were observed among natural populations of prairie 
cordgrass and the variation was tightly connected with their geographic origin. A similar result 
was observed in switchgrass (Casler et al. 2004). All variables except for PN showed strong year 
effects which indicated that PN of natural prairie cordgrass populations were less affected by 
variable environmental conditions than other variables, which showed higher phenotypic 
plasticity. The yield ranks of all populations were relatively consistent across years. Populations 
that maintained biomass overtime did so by increasing TD while decreasing TW. This 
phenomenon resulted in high biomass-yield populations having larger TW, while also 
maintaining high TD. However, due to a severe drought in 2012, biomass yield was lower than 
during 2011 and 2013 for many populations because drought stress, along with heat stress caused 
negative impacts on overall performance of yield components including PH, RT%, and TW. 
These results suggested substantial genetic variability among populations, but also indicated the 
importance of tempered environmental variability. Top ten yielding populations produced 
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comparable biomass yield to Kanlow switchgrass. The top two populations, PC17-109 and 
PC20-106, showed no significant difference with Kanlow for biomass yield (P < 0.05). An 
Illinois population, PC17-109, produced 16.04 Mg ha-1 compared with 16.52 Mg ha-1 for Kanlow.  
High biomass yield, late HD, and greater PH were found in populations from the South 
Midwest region, particularly those from Illinois and Kansas. The northerly originating 
populations (North Midwest and the East) had lower biomass yields caused by early HD and 
shorter PH. Within the North Midwest region, populations with higher TD also showed higher 
PW. However, this was not the case for populations from East and South Midwest regions. High-
biomass yielding populations had greater PH and larger PN, indicating that morphological and 
phenotypic traits that lead to higher biomass yields vary among grasses from different regions.  
In this study, both sums of squares due to linear regression and Pearson correlation 
coefficients revealed strong association among yield components and phenotypic characteristics 
such as PW, PH, HD, LAT and PN, indicating a high multicollinearity among morphological and 
behavioral variables. The linear effects of north latitude of origin on many variables such as HD 
and PW were significant in natural prairie cordgrass population collected from a wide 
geographic range similar to that observed in switchgrass (Casler et al. 2004). Therefore, north 
latitude of origin may contain internal information of adaptation and biomass yield potential for 
natural prairie cordgrass populations. After minimizing multicollinearity of the variables and 
restructuring high direct effect components, a modified model for path analyses can provide 
insights into relationships among phenotypic variables and selection of the most beneficial traits 
(Samonte et al. 1998; Mohammadi et al. 2003). Lenka and Mishra (1973) suggested a direct or 
an indirect effect value of 0.3 or higher could be considered as a high effect. High direct effects 
and low indirect effects from PH to other variables indicated PH is a good direct predictor for 
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plant biomass yield. High indirect effects through plant height were due to high direct effects of 
PH and high correlations between PH and other variables. Heading date was highly correlated 
with PW, but showed low direct and indirect effects on PW. However, LAT of origin showed 
high direct effect and indirect effect through PH. Those indicated that selection based on 
correlations alone may not be efficient (Mohammadi et al. 2003). In addition, direct effect of 
LAT of origin increased negatively as age of the plots increased. On the other hand, indirect 
effect of LAT of origin through plant height decreased negatively. This indicated that southern 
genotypes can be more likely to perform better than northern genotypes after establishment in the 
same environment in central Illinois. Therefore, adaptation is an important trait to consider in 
future selection.  
The severe drought in 2012 prevented many plants from flowering (RT%), decreased PH, 
and decreased TW. The fluctuating environmental conditions led to unpredictable effects from 
RT%, VTW and RTW. A small direct effect from PN indicated that it would be better used as an 
indirect selection criteria. Previous study on yield components of switchgrass cultivars also 
suggested that direct effect from PN is also varied depending on growth stages and cultivars 
(Boe & Beck 2008). A contrast of direct effects from VTW and RTW in 2012, indicated that in 
harsh environmental conditions, selecting larger VTW and smaller RTW may achieve better 
biomass yield performance. A larger direct effect and indirect effect from RTW may indicate 
that during the initial establishment year perennial grasses stabilize their morphological structure 
with heavier tillers to ensure better clones survive and therefore better biomass yield. 
In this study, RT% did not contribute either through direct or indirect effect to PW, nor 
was it highly correlated with PW. A reduced RT% in 2012 and 2013 was observed, along with a 
decrease of RTW in 2012. This indicated prairie cordgrass tend to limit reproductive 
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development or reduce seed set after establishment, especially in harsh growing conditions when 
survival take precedence over seed production. Populations native to the region appeared to be 
better adapted than more remote populations, presumably due to local conditions, such as day 
length, humidity, and temperature. Both its biological nature and differentiated response to 
fluctuating environmental conditions affected biomass yield performance of natural populations 
of prairie cordgrass. Based on results from this study, characteristics of interest for genetic 
improvement of prairie cordgrass natural populations are consistent seed and biomass production 
in stands that are between three and ten years old.  
 
CONCLUSION 
 
The outcrossing and protogynous nature of prairie cordgrass results in highly 
heterogeneous and variable populations (Gedye et al. 2012). Our four-year field evaluation 
indicated prairie cordgrass has high biomass potential and great genetic variability among natural 
populations from different states, hardiness zones, and ecoregions. Direct and indirect effects in 
path coefficient analyses revealed that positive response to direct or indirect selection is possible 
for yield components such as plant height, reproductive tiller weight, and vegetative tiller weight 
under spaced-plant conditions. Those findings suggested that phenotypic selection could be a 
useful tool for improving prairie cordgrass biomass yield. Evaluating the adaptation ability of 
natural populations by testing in multiple locations using sward-plot design is also recommended 
to improve future selections of prairie cordgrass for biomass. 
  
21 
 
Tables and Figures 
 
Table 2.1 USDA hardiness zones (PHZ), Bailey’s ecoregion classification, and longitude and 
latitude of 42 prairie cordgrass (Spartina pectinata Link) populations collected in Midwestern 
and Eastern USA. 
 
 
a PRISM Climate Group – Oregon State University (2012). 
b EBFO = Eastern Broadleaf Forest (Oceanic), EBFC = Eastern Broadleaf Forest (Continental), PP = Prairie Parkland, LMF = 
Laurentian Mixed Forest, GPS = Great Plains Steppe (Bailey, 1994). 
c KST= Kingston germplasm, Big Flats plant material center, NY 
d STP = Southampton germplasm, Big Flats plant material center, NY 
POP ID State USDA Hardiness Zonea Ecoregionb Longitude Latitude 
PC09-101 CT HZ6b 221(EBFO) 73°0'6"W 41°28'N 
PC09-102 CT HZ7b 221(EBFO) 71°54'33"W 41°2'N 
PC19-108 IA HZ5a 251(PP) 96°19'37"W 42°19'48"N 
PC19-109 IA HZ5a 251(PP) 96°15'5"W 42°12'21"N 
PC19-110 IA HZ5a 251(PP) 96°2'33"W 41°47'34"N 
IL-102 IL HZ5b 251(PP) 88°14'19"W 40° 3'55"N 
IL-104 IL HZ5b 251(PP) 88°44'31"W 40°10'45"N 
IL-105 IL HZ5b 251(PP) 87°56'36"W 40°54'41"N 
IL-106 IL HZ5b 251(PP) 88°1'12"W 40°39'24"N 
IL-99 IL HZ6a 251(PP) 88°42'3"W 39°44'60"N 
PC17-103 IL HZ5b 251(PP) 88°01'14"W 40°00'39" N 
PC17-104 IL HZ5b 251(PP) 88°01'14"W 40°00'39" N 
PC17-109 IL HZ5b 251(PP) 88°12'16"W 40°3'17"N 
PC17-111 IL HZ5a 251(PP) 89°26'4"W 41°49'51"N 
PC17-116 IL HZ5b 251(PP) 88°1'14"W 40°0'39"N 
PC20-106 KS HZ6a 251(PP) 96°22'54"W 39°3'38"N 
PC20-107 KS HZ6a 251(PP) 96°31'30"W 39°0'9"N 
PC23-101 ME HZ5a 212(LMF) 69°51'50"W 43°55'14"N 
PC23-102 ME HZ5a 212(LMF) 69°1'1"W 44°16'5"N 
PC27-101 MN HZ3b 251(PP) 95°47'18"W 47°35'26"N 
PC27-102 MN HZ3b 251(PP) 96°36'39"W 47°48'41"N 
PC27-103 MN HZ3b 332(GPS) 96°53'13.16"W 48°30'52"N 
PC27-104 MN HZ4a 251(PP) 96°25'31"W 46°40'27"N 
PC27-106 MN HZ4b 251(PP) 95°57'41"W 45°9'6"N 
PC27-108 MN HZ4b 251(PP) 94°17'42"W 44°32'37"N 
PC29-106 MO HZ6b 251(PP) 94°18'56"W 37°51'13"N 
PC38-101 ND HZ4a 332(GPS) 98°49'58"W 47°27'33"N 
9046805 KSTc HZ5a 221(EBFO) - - 
PC34-101 NJ HZ7a 221(EBFO) 74°37'8.49"W 40°0'10.56"N 
9046803 STPd HZ7a 221(EBFO) 70°20'22"W 40°53 36.6"N 
PC40-104 OK HZ7a 332(PP) 97°4'3"W 36°49'44"N 
PC46-101 SD HZ4b 251(PP) 96°48'41"W 43°40'27"N 
PC46-102 SD HZ4b 251(PP) 96°49'51"W 43°32'6"N 
PC46-103 SD HZ4b 251(PP) 96°49'35"W 43°26'27"N 
PC46-104 SD HZ4b 251(PP) 96°49'35"W 43°23'17"N 
PC46-105 SD HZ4b 251(PP) 96°49'33"W 43°10'35"N 
PC46-106 SD HZ4b 251(PP) 96°49'35"W 42°58'1"N 
PC46-107 SD HZ5a 251(PP) 96°49'35"W 42°48'11"N 
PC46-108 SD HZ4b 251(PP) 98°16'18"W 43°56'39"N 
PC46-109 SD HZ5a 251(PP) 100°1'41"W 43°26'55"N 
PC55-102 WI HZ4b 222(EBFC) 90°5'23"W 44°3'13"N 
PC55-103 WI HZ4b 222(EBFC) 91°3'15"W 44°39'41"N 
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Table 2.2 Significance of levels for F-tests from analyses of variance for 11 morphological traits of 42 prairie cordgrass (Spartina 
pectinata Link) populations grown in 2011, 2012, and 2013 at Urbana, IL.  
 
 
 
 
 
 
a Degrees of freedom varied across variables. 
 
PW, plant weight (kg plant-1); TW, tiller weight (g tiller-1); VTW, vegetative tiller weight (g tiller-1); RTW, reproductive tiller weight (g tiller-1); TD, tiller density 
(number of tillers plant-1); RT%, percentage of reproductive tiller number; HD, heading date (DOY);  PH, plant height (m); PN, phytomer number  
Source DF PW TW TD RT% VTW RTW HD PH PN 
Population 41 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
Year 2 0.0017 < 0.0001 0.0003 < 0.0001 0.0005 < 0.0001 0.0198 < 0.0001 0.2043 
Population*Year -a 0.0003 < 0.0001 0.0005 0.0011 0.0001 0.0424 0.0023 0.0018 0.3666 
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Table 2.3 Least squares means of ranked phenotypic values of prairie cordgrass (Spartina pectinata Link) populations collected from 
different areas of 14 collection origins, based on 2011, 2012, and 2013 evaluations at Urbana, IL. 
 
a Values with same lower letter within each region are not significantly different as indicated by HSD Test at P=0.05 level 
b STP = Southampton germplasm, Big Flats plant material center, NY 
c KST= Kingston germplasm, Big Flats plant material center, NY 
d Means of each region 
e Values with same upper letter are not significantly different as indicated by HSD Test at P=0.05 level 
f Standard deviations across all collection in the same region. 
g Overall means of each variable 
h Standard deviations across all collection origins 
 
PW, plant weight (kg plant-1); TW, tiller weight (g tiller-1); VTW, vegetative tiller weight (g tiller-1); RTW, reproductive tiller weight (g tiller-1); TD, tiller density 
(number of tillers plant-1); RT%, percentage of reproductive tiller number; HD, heading date (DOY);  PH, plant height (m); PN, phytomer number  
Region Origin PW TW  VTW RTW TD RT% HD PH PN 
East 
STPb 0.60 bcda 6.77 ab  4.18 bcd 11.02 bcd 104.63 bc 36.93 a 183.25 cde 1.91 cd 8.58 bc 
KSTc 0.39 ef 4.24 bc  2.90 bcd 6.69 d 121.91 bc 35.32 a 171.46 ef 1.76 de 6.88 de 
CT 0.48 def 3.52 c  2.34 cd 7.69 d 178.96 abc 21.34 bc 181.38 def 1.72 de 7.54 cde 
ME 0.40 ef 3.56 c  2.64 cd 7.28 d 166.90 abc 20.31 bc 170.57 f 1.70 de 7.59 cde 
NJ 0.32 fg 4.24 bc  2.32 cd 9.47 cd 78.77 c 29.51 ab 189.12 bcd 1.55 ef 8.25 cd 
North 
Midwest 
ND 0.21 g 1.82 c  1.51 d 4.77 d 147.51 abc 12.45 c 181.26 def 1.35 f 6.75 e 
SD 0.54 cde 4.12 bc  3.16 bcd 10.57 bcd 198.80 ab 13.53 c 185.01 cd 2.03 bc 7.58 cde 
MN 0.36 efg 2.74 c  2.40 cd 7.13 d 177.15 abc 8.58 c 181.30 def 1.64 e 7.46 cde 
WI 0.35 fg 2.68 c  2.23 cd 6.93 d 175.30 abc 8.40 c 186.71 cd 1.64 e 7.90 cde 
South 
Midwest 
IL 0.72 ab 7.94 a  6.56 a 18.70 a 139.18 abc 11.58 c 200.77 ab 2.31 a 10.91 a 
IA 0.60 bcd 7.41 a  5.47 ab 14.83 abc 107.04 bc 20.02 bc 194.18 abc 2.18 ab 9.93 ab 
KS 0.85 a 6.90 ab  4.72 abc 16.12 ab 196.90 ab 17.30 bc 201.98 a 2.33 a 8.21 cd 
MO 0.68 abc 4.1 bc  3.10 bcd 8.83 cd 237.61 a 15.67 c 186.45 cd 2.10 abc 7.71 cde 
OK 0.70 abc 7.33 a  6.09 a 19.55 a 132.90 bc 9.75 c 203.66 a 2.17 ab 8.50 c 
Region 
meand 
East 0.44 Be 4.21 B  2.79 B 8.18 B 144.79 B 0.27 A 177.89 C 1.73 C 7.69 B 
North Mid-west 0.44 B 3.39 C  2.72 B 8.90 B 186.32 A 0.11 B 183.84 B 1.82 B 7.53 B 
South Mid-west 0.71 A 7.46 A  5.92 A 16.78 A 145.79 B 0.14 B 199.05 A 2.27 A 10.08 A 
Region SDf 
East 0.16 2.45  1.49 3.59 96.00 0.22 10.80 0.28 1.11 
North Mid-west 0.18 2.32  1.52 4.43 134.52 0.16 12.46 0.38 1.20 
South Mid-west 0.19 5.29  4.05 7.77 107.58 0.18 11.00 0.25 1.73 
 Overall meang 0.55 5.22  4.06 11.85 162.75 15 189.12 1.99 8.62 
 SDh 0.22 4.30  3.25 7.07 119.60 19 14.42 0.39 1.89 
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Table 2.4 Correlation coefficients between plant mass (PM) and nine variables (TW, VTW, 
RTW, TD, RT%, HD, PH, PN, and LAT) of 42 prairie cordgrass (Spartina pectinata Link) 
populations grown during 2011 through 2013 at Urbana, IL.  
 
  
Pearson correlations coefficients 
 
Year PW TW VTW RTW TD RT% HD PH PN LAT 
PW 
2011                     
2012 
          
2013 
          
TW 
2011 0.56** 
         
2012 0.53** 
         
2013 0.26** 
         
VTW 
2011 0.56** 0.85** 
        
2012 0.56** 0.99** 
        
2013 0.27** 0.96** 
        
RTW 
2011 0.61** 0.88** 0.68** 
       
2012 0.52** 0.79** 0.79** 
       
2013 0.36** 0.65** 0.69** 
       
TD 
2011 0.24** -0.51** -0.36** -0.35** 
      
2012 0.10 -0.63** -0.60** -0.55** 
      
2013 0.26** -0.61** -0.54** -0.25** 
      
RT% 
2011 -0.11 0.28** -0.05 0.05 -0.43** 
     
2012 -0.07 0.19* 0.05 0.09 -0.26** 
     
2013 -0.30** 0.11 -0.10 -0.20* -0.33** 
     
HD 
2011 0.54** 0.57** 0.59** 0.65** -0.11 -0.25** 
    
2012 0.38** 0.34** 0.38** 0.38** -0.17 -0.21* 
    
2013 0.41** 0.49** 0.53** 0.59** -0.18* -0.16* 
    
PH 
2011 0.80** 0.73** 0.63** 0.78** -0.10 0.07 0.57** 
   
2012 0.75** 0.58** 0.59** 0.54** -0.09 -0.06 0.37** 
   
2013 0.68** 0.49** 0.53** 0.52** 0.03 -0.39** 0.53** 
   
PN 
2011 0.53** 0.67** 0.67** 0.67** -0.20** -0.11 0.76** 0.62** 
  
2012 0.50** 0.46** 0.48** 0.5** -0.13 -0.12 0.35** 0.50** 
  
2013 0.37** 0.54** 0.56** 0.53** -0.22** -0.09 0.53** 0.45** 
  
LAT 
2011 -0.61** -0.57** -0.47** -0.60** 0.16* -0.07 -0.59** -0.71** -0.54** 
 
2012 -0.69** -0.48** -0.50** -0.37** 0.09 -0.01 -0.41** -0.69** -0.49** 
 
2013 -0.60** -0.44** -0.41** -0.46** 0.04 0.03 -0.47** -0.50** -0.47**   
*   Coefficient of correlation significant at P < 0.05. 
** Coefficient of correlation significant at P < 0.01. 
 
PW, plant weight (kg plant-1); TW, tiller weight (g tiller-1); VTW, vegetative tiller weight (g tiller-1); RTW, 
reproductive tiller weight (g tiller-1); TD, tiller density (number of tillers plant-1); RT%, percentage of reproductive 
tiller number; HD, heading date (DOY);  PH, plant height (m); PN, phytomer number  
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Table 2.5 Phenotypic path coefficients showing direct and indirect effects of plant collection 
location, flowering pattern (DOY) and yield components on biomass yields of 42 prairie 
cordgrass (Spartina pectinata Link) populations grown at Urbana, IL, from 2011 to 2013. 
 
Model residua1 for plant massb: 0.31 (2011), 0.35 (2012), 0.39 (2013) 
 
*   Coefficient of correlation significant at P < 0.05. 
** Coefficient of correlation significant at P < 0.01. 
 
a Pearson correlation of each variable with plant mass 
b The residual was computed as (1-R2)1/2. 
 
PW, plant weight (kg plant-1); TW, tiller weight (g tiller-1); VTW, vegetative tiller weight (g tiller-1); RTW, 
reproductive tiller weight (g tiller-1); TD, tiller density (number of tillers plant-1); RT%, percentage of reproductive 
tiller number; HD, heading date (DOY);  PH, plant height (m); PN, phytomer number  
    
Indirect 
Variables Year Direct effect r (×PW)a VTW RTW RT% PH PN LAT (HD) 
HD 
2011 0.05 0.54** 0.05 -0.04 0.07 0.18 -0.04 0.05 
2012 0.00 0.38** 0.07 -0.05 0.01 0.04 0.02 0.14 
2013 0.07 0.41** -0.05 -0.09 0.02 0.20 0.02 0.19 
(LAT) 
2011 -0.09 -0.61** -0.02 0.03 0.06 -0.44 0.01 -0.03 
2012 -0.32 -0.69** -0.11 0.09 0.01 -0.29 -0.04 0.00 
2013 -0.40 -0.60** 0.03 0.04 0.01 -0.18 -0.02 -0.03 
VTW 
2011 0.10 0.56**   -0.06 0.01 0.48 -0.03 
 
2012 0.27 0.56** 
 
-0.16 0.00 0.26 0.05 
 
2013 -0.12 0.27** 
 
-0.12 0.01 0.29 0.03 
 
RTW 
2011 -0.08 0.61** 0.06   -0.01 0.60 -0.03 
 2012 -0.20 0.52** 0.21 
 
0.00 0.24 0.05 
 2013 -0.18 0.36** -0.09 
 
0.02 0.28 0.03 
 
RT% 
2011 -0.16 -0.11 0.00 0.00   0.06 0.01 
 2012 -0.05 -0.07 0.01 -0.02 
 
-0.03 -0.01 
 2013 -0.12 -0.30** 0.01 0.03 
 
-0.21 -0.01 
 
PH 
2011 0.77 0.80** 0.06 -0.06 -0.01   -0.03 
 2012 0.44 0.75** 0.16 -0.11 0.00 
 
0.05 
 2013 0.54 0.68** -0.07 -0.09 0.05 
 
0.03 
 
PN 
2011 -0.05 0.53** 0.06 -0.06 0.02 0.47   
 2012 0.10 0.50** 0.13 -0.10 0.01 0.22 
 
 2013 0.06 0.37** -0.07 -0.09 0.01 0.24   
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Figure 2.1 Monthly mean temperature during 2011-2013 with 30-year mean at Urbana, IL 
(NOAA climatic data center, visited on Apr 15th 2014)  
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Figure 2.2 Monthly precipitation during 2011-2013 with 30-year mean at Urbana, IL (NOAA 
climatic data center, visited on Apr 15th 2014) 
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Figure 2.3 Spider diagram representing the grand means (LS-means) of 11 phenotypic 
characteristics of prairie cordgrass (Spartina pectinata Link) performance across three years at 
Urbana, IL. Axis indicates ratio of values among three years.  
 
 
 
PW, plant weight (kg plant-1); TW, tiller weight (g tiller-1); VTW, vegetative tiller weight (g tiller-1); RTW, 
reproductive tiller weight (g tiller-1); TD, tiller density (number of tillers plant-1); RT%, percentage of reproductive 
tiller number; HD, heading date (DOY);  PH, plant height (m); PN, phytomer number;  
PW
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TDRT%
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Figure 2.4 Plant biomass of 42 natural prairie cordgrass (Spartina pectinata Link) populations grown in a common garden nursery 
during 2011, 2012, and 2013 at Urbana, IL. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 a Error bars are standard errors of the means  
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Figure 2.5 Biomass yield of top 10 prairie cordgrass (Spartina pectinata Link) natural 
populations with ‘Kanlow’ switchgrass (Panicum virgatum L.) grown in a common garden 
nursery during 2011, 2012, and 2013 at Urbana, IL. 
 
 
 
a Values with different letters are significantly different by LSD Test at 0.05 level of probability   
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Figure 2.6 Linear regression of plant weight and tiller mass on heading date (R2 = 0.479 and 
0.508, respectively) for 42 prairie cordgrass (Spartina pectinata Link) populations collected from 
13 states along the East and throughout the Midwest. Blue line and triangle markers indicate 
plant weight. Red line and round markers indicate tiller weight.  
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Figure 2.7 Linear regression of plant weight and heading date on collection origin (R2 = 0.572 
and 0.361, respectively) for 42 prairie cordgrass (Spartina pectinata Link) populations collected 
from 13 states along the East and throughout the Midwest. Blue line and triangle markers 
indicate plant weight. Red line and round markers indicate heading date. 
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Figure 2.8 Linear regression of tiller weight and plant height on phytomer number (R2 = 0.507 
and 0.625, respectively) for 42 prairie cordgrass populations (Spartina pectinata Link) collected 
from 13 states along the East and throughout the Midwest. Blue line and triangle markers 
indicate tiller weight. Red line and round markers indicate plant height.  
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Figure 2.9 Linear regression of plant height and plant weight on phytomer number (R2 = 0.65 
and 0.475, respectively) for 42 prairie cordgrass populations (Spartina pectinata Link) collected 
from 13 states along the East and throughout the Midwest. Blue line and triangle markers 
indicate plant height. Red line and round markers indicate phytomer number. 
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Figure 2.10 Path diagram showing relationship of eight predictors with response-variable biomass yields in prairie cordgrass 
(Spartina pectinata Link). One directional arrow indicates direct effect and two directional arrows indicate correlation. Standardized 
partial correlation coefficients were generated by combining three years’ data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PW, plant weight (kg plant-1); TW, tiller weight (g tiller-1); VTW, vegetative tiller weight (g tiller-1); RTW, reproductive tiller weight (g tiller-1); TD, tiller density 
(number of tillers plant-1); RT%, percentage of reproductive tiller number; HD, heading date (DOY); PH, plant height (m); PN, phytomer number;  
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CHAPTER 3 
POPULATION GENOMIC VARIATION AND POTENTIAL DIVERSITY CENTERS OF 
PRAIRIE CORDGRASS REVEALED BY SINGLE NUCLEOTIDE POLYMORPHISM 
MARKERS  
 
ABSTRACT 
 
Prairie cordgrass (Spartina pectinata Link) is a native perennial warm season (C4) grass 
common in North America. With its high biomass yield and abiotic stress tolerance, there is a 
high potential of developing prairie cordgrass for conservation practices and as a dedicated 
bioenergy crop for sustainable cellulosic biofuel production. However, like many other 
undomesticated grass species, little information is known about the genetic diversity population 
structures of prairie cordgrass natural populations related to their ecotypic and geographic 
adaptation in North America. In this study, we sampled and characterized a total of 213 samples 
from 96 prairie cordgrass natural populations with 5033 high quality SNPs from a genotyping-
by-sequencing approach. The natural populations were collected from putative remnant prairie 
sites in 18 states throughout the Midwest and Eastern USA covering the major habitats for 
prairie cordgrass. Three potential gene pools were identified associated with ploidy levels, 
geographical and ecotypic separation. The correlations between genetic distance and 
geographical distance showed signals of different adaptation histories among gene pools. These 
results indicate the regional adaptation of prairie cordgrass were maintained by ploidy levels, 
climate events, and geographical barriers. 
 
  
41 
 
INTRODUCTION 
 
Prairie grass species native to North America such as switchgrass, big bluestem, 
indiangrass, and prairie cordgrass have shown potential use for conservation practices and 
potential bioenergy production (McLaughlin et al. 2002; Sanderson &Adler 2008; Lemus & Lal 
2005). However, the territories of North American tallgrass prairie has been diminished by 
agriculture and urban development since the European settlement. Thousands of remnant prairie 
sites have been scattered throughout the historical range (Samson &Knopf 1994). Locally 
adapted natural populations from those remnant prairie sites are valuable “ecotypes” harboring 
adaptive traits to various environment (Montalvo et al., 1997; Hufford &Mazer 2003). In order to 
develop prairie grass species as a new crop for either conservation practices or bioenergy 
feedstock on marginal conditions, it is important to characterize and maintain the genetic 
resources of those local or regional populations showing agronomic advantages such as high 
biomass yield and strong biotic and abiotic stress tolerances.  
Prairie cordgrass (Spartina pectinata Link) is a native, perennial, warm-season (C4) grass 
once dominant in North American tallgrass prairies. The habitats of prairie cordgrass cover wet 
to moist prairie and low areas alongside rivers and tributaries (Weaver, 1954; Weaver, 1960). 
Mobberley (1953) also found prairie cordgrass in open, dry prairie and along railroad in the 
Midwestern United States. Field evaluation of prairie cordgrass in Europe (Potter et al., 1995), in 
eastern South Dakota (Boe & Lee, 2007; Boe et al., 2009), and in central Illinois (Guo et al., 
2015), have showed its high biomass yield potential, comparable to switchgrass (Panicum 
virgatum L.) and other warm-season grasses. According to Boe and Lee (2007), seven natural 
populations of prairie cordgrass from South Dakota showed differences for biomass production. 
A previous study evaluating populations from an area spanning Midwestern and Eastern USA 
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also showed extensive phenotypic variation within prairie cordgrass (Guo et al., 2015). 
Comparing to other perennial grasses such as switchgrass and big bluestem (Andropogon 
gerardii Vitman), prairie cordgrass has limited breeding history, with only five germplasms 
released as source-identified genetic material (Jensen, 2006; Lee &Parrish, 2016). The genetic 
background information of other prairie cordgrass natural populations are limited.  
Previous cytotaxonomic studies on prairie cordgrass revealed populations with different 
ploidy levels, including tetraploid (2n=4x=40) populations distributed from Southern Canada and 
the Eastern USA, and octoploid (2n=8x=80) distributed across Colorado, Nebraska, and 
Wyoming, USA (Church 1940; Marchant 1968a and b). A mixed-ploidy population consisting of 
tetraploid and hexaploid (2n=6x=60) was found in central Illinois (Kim et al., 2012b). Within 
this mixed-ploidy population, substantial variability was observed among ploidy levels, such as 
flowering time, stomatal size, and plant morphological characteristics. Several cytogenetic 
studies investigating genome sizes and chloroplast variation were conducted among prairie 
cordgrass natural populations. Kim et al. (2010) reported all three levels of ploidy present among 
11 surveyed natural populations and found that genome size is positively associated with the 
stomata size between octoploid and tetraploid. A more extensive cytogenetic survey of 60 prairie 
cordgrass natural populations indicated the tetraploid populations extended from the East North 
Central to the New England regions of U.S., and the octoploid cytotypes distributed in the West 
North Central regions (Kim et al. 2012a). Chloroplast DNA (cpDNA) also revealed a strong 
relationship between cpDNA haplotypes and geographic distribution (Kim et al. 2013). Three 
cpDNA haplotypes including PCG1 haplotypes occurred in the New England/Middle Atlantic 
regions in the east and central U.S., PCG2 haplotypes found in southern SD and northern IA, IL, 
and MO in the central U.S., and PCG3 haplotypes identified in a distinct region that includes 
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portions of ND, SD, and MN. The PCG1 haplotype is the major cpDNA haplotype group 
comprised of all three cytotypes including tetra-, hexa-, and octoploids. The wide disperse of 
cytotypes within cpDNA haplotypes could be combination resulting from migration and 
polyploidy formation events which is not uncommon in spartina species (Ainouche et al. 2004; 
Ainouche et al. 2012). A field study indicated that the regional adapted populations could show 
considerable genetic variabilities for the agronomic traits related to biomass production (Guo et 
al. 2015). Moreover, recently emerged natural populations from reticulate evolution events such 
as hybridization and allopolyploidization among or within species, also exhibit distinct 
phenological and morphological characteristics compared to their progenitors (Fortune et al. 
2007; Kim et al. 2012b). Therefore, understanding the intraspecific variation and phylogeny 
among these natural populations will be helpful for breeding and germplasm conservation 
practices.  
In order to fully investigate the genetic variation and phylogeography in this outcrossing 
species, organelle molecular markers based on uniparental inheritance should be complemented 
with bi-parental nuclear molecular markers (Birky et al. 1983; Petit et al. 1993). With high 
throughput sequencing technology, it is now possible to survey the whole genome and provide a 
greater number of molecular markers for phylogenetic studies. Genotyping by sequencing (GBS) 
on a restriction site associated DNA libraries takes advantages of high throughput sequencing 
technology to generate thousands of single nucleotide polymorphisms (SNP) across many 
individuals (Elshire et al. 2011; Poland et al. 2012). Genotyping by high-throughput sequencing 
is becoming more efficient and cost-effective to be applied in phylogenetic studies on nonmodel 
species (Morris et al. 2011; Lu et al. 2013; Escudero et al. 2014; Grabowski et al. 2014; Wong et 
al. 2015). Therefore, in this study, we used a GBS approach to genotype 96 prairie cordgrass 
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populations collected across east and central mid-west US range. With the generated SNP data, 
we can better understand the intraspecific variation and phylogeny in prairie cordgrass. 
 
MATERIALS AND METHODS 
Plant materials 
From 2009 to 2011, seeds of 96 natural populations of prairie cordgrass were collected 
from New England (Maine, Massachusetts, and Connecticut), Middle Atlantic (New Jersey), 
East North Central (Wisconsin, Illinois, and Indiana), West North Central (Minnesota, Iowa, 
Missouri, North Dakota, South Dakota, Nebraska, and Kansas), and West South Central 
(Oklahoma and Louisiana) region (United States Census Bureau and Statistical abstract of the 
United States 2010 edn Washington, DC., 
https://www.census.gov/geo/reference/gtc/gtc_census_divreg.html. Accessed 28 Jan 2017). In 
order to represent the population at each location, seeds were collected from all visually 
identifiable clones within 1-km radius of sampling area. In addition, more than 100 rhizomes of 
each of two germplasms (Kingston germplasm (KST), Southampton germplasm (STP)) were 
obtained from the USDA-NRCS Big Flats Plant Material Center, NY). Seeds of ‘Red River’ 
prairie cordgrass, a germplasm developed by interpopulation open pollination among vegetative 
propagules obtained from east central (Grant County) Minnesota, northeastern (Day County) 
South Dakota, and east central (Cass and Grand Forks Counties) North Dakota (Boe et al. 2009), 
was also included in this study (Table 3.1). Seedlings developed from each population were 
space transplanted on 0.9-m centers in a field nursery at the University of Illinois Energy Farm in 
Urbana, IL (40°6’N, 88°13’W), into Drummer silty clay loam (fine-silty, mixed, super-active, 
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mesic typic Endoaquolls). Field management practices were described in Chapter 2 as the same 
field nursery was used in this study. 
Genotyping-by-sequencing 
Equal amount of tissue samples from 4 plants of each population were collected and 
bulked for DNA extraction in 96-well plant format using a standard CTAB protocol (Doyle 
1987). A minimum of two field replications of DNA samples from each population and when 
possible up to four replications were collected, resulting in a total of 213 individuals were 
included in the sequencing library preparation. DNA was then quantified with PicoGreen (Life 
Technologies, Grand Island, NY) and prepared for GBS library construction using the proctocol 
proposed by Poland et al. (2012). PstI-HF (rare cutting) and HinP1I (common cutting) enzyme 
were used to double-digest genomic DNA. Two sets of barcoded adapters were ligated to the rare 
and common restriction overhangs. Pooled restriction ligation reactions were amplified with 
Illumina primers (Beckman Coulter, Inc., Indianapolis IN, USA) and measured for fragment size 
on an Agilent Bioanalyzer (Agilent, Santa Clara, USA). The library was submitted to the 
University of Illinois Keck Biotechnology Center for sequencing on an Illumina Hi-Seq2000 to 
obtain single-end, 100-bp reads. 
Raw sequences reads were processed using the GBS-SNP-CROP pipeline (Melo et al. 
2016). The sequence data was firstly demultiplexed and trimmed from barcode and cut sites 
using TRIMMOMATIC (Bolger et al. 2014). Reads from ten individuals with diverse 
geographical origins were assembled together and clustered to create a pseudo reference genome 
using VSEARCH (Rognes et al. 2016). BWA-mem and SAMtools algorithm were used to align 
processed reads to the pseudo reference genome and identify all potential SNPs for each sample. 
Considering the high ploidy levels among prairie cordgrass populations and the purpose of this 
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phylogenetic study, SNPs were filtered first based on read depth and then allele frequency. A 
minimum read depth of 11x is required to call a homozygotes locus in the absence of any reads 
of the alternative for tetraploid or higher levels of ploidy (Melo et al. 2016). In addition, the 
minimum read depth of calling heterozygous is 3x, the required proportion of secondary reads to 
all non-primary reads is 0.9, the proportion of genotyped individuals to accept a SNP is 0.75, and 
the acceptable ratio of the depth of the secondary allele to that of the primary allele is 0.1. At 
last, individuals with read depths lower than 4x were eliminated. Crawford et al. (2016) reported 
a disomic inheritance based on the distribution of allele frequencies in a bi-parental F1 
population. Therefore, in this study, we generated diploid genotypes to estimate the population 
structure and heterozygosity for tetra-, hexa-, and octaploids. 
Flow cytometry 
Flow cytometry was performed on main tiller of four plants to estimate ploidy level of 
each population. The procedure was conducted to determine if nuclear DNA content was 
modified from Rayburn et al. (2005) and Kim et al. (2010). Details on sample preparation was 
described in Lee et al. (2016) and the analysis of relative DNA content was conducted with DB 
LSR flow cytometry (BD Biosciences) in the Flow Cytometry Laboratory (Biotechnology 
Center, University of Illinois at Urbana-Champaign). The relative DNA content was estimated 
using the relative fluorescence of the sample divided by the relative fluorescence of the standard. 
Population structure 
SNP data was firstly imputed using LD-kNNi algorithm in Tassel V5 (Money et al. 2015; 
Bradbury et al. 2007) and scored in a binary format as homozygous primary allele (0), 
heterozygous (1), and homozygous secondary allele (2). Population structure was analyzed with 
fastSTRUCTURE, a Bayesian based algorithm (Raj et al. 2014), and the discriminant analysis of 
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principal components (DAPC), to visualize the genome-wide patterns of admixture and potential 
group membership of each population. We also used the simulation algorithm provided by 
fastSTRUCTURE and bayesian Information Criteria (BIC) score provided by DAPC, to infer the 
best number of demes supported by the results. The principal component analysis was then 
performed using prcomp (‘stats’ package, R Development Core Team 2013), to investigate the 
genetic distance among and within demes. The phylogenic tree was constructed using neighbor-
joining (NJ) method as implemented in the hclust (‘stats’ package, R Development Core Team 
2013). An analysis of molecular variance (AMOVA) was performed based on 10,000 
permutations on all individuals for genetic variation associated with ploidy levels, populations, 
demes, and plants using the poppr.amova (‘poppr’ package, Kamvar et al. 2014) in R (R 
Development Core Team 2013). Pairwise Gower’s genetic distance was calculated using daisy 
(‘clsuter’ package, R Development Core Team 2013). Pairwise geographic distance was 
calculated using customized R script and log-transformed for association analysis. 
Heterozygosity was estimated as number of heterozygous SNPs divided by the total number of 
SNPs genotyped. Since heterozygosity showed a non-normal distribution across all the 
individuals, Kruskal-Wallis test and Wilcoxon two-sample test were used to compare the 
heterozygosity among demes and between two ploidy levels, respectively. Hexaploids were 
excluded due to a small sample size. 
  
48 
 
 
RESULTS 
 
SNP discovery 
A total of 240 million single-end sequence reads were produced from the Illumina Hi-
Seq2000 platform. The Illumina reads were trimmed into an average length of 82 base pairs (bp), 
and the minimum and maximum length was 32 and 90 bp, respectively. Due to the limited 
computational power, 29.7 million reads were used to build the pseudo reference genome. The 
final pseudo reference genome contains 371,332 sequences and 80.9% of them were singletons. 
The initial assembly and SNP calling without filters yielded 211,294 SNPs. After applying 
restrictions on read depths and allele frequencies, a final subset of 5033 SNPs was retained and 
genotyped in 187 samples. The average read depth was 36.4x per SNP. An average of 79.8% of 
the total number of individuals were genotyped through the pipeline. The average percentage of 
missing genotypes per SNP was 0.8%. Individuals on average had 19.8% missing SNPs. After 
imputation, the average percentage of missing genotype was 0.3% and individuals on average 
had 8.9% missing SNPs. 
Population structure 
The simulation result from fastSTRUCTURE and BIC score from DAPC suggested three 
genetic demes (K=3) and four genetic demes (K=4), respectively, based on 5033 nuclear SNPs. 
However, the admixture graph from both algorithms indicated there were three major demes best 
supported by this study (Figure 3.1, bottom). The first genetic deme (deme1) includes 
populations mostly from the New England (MA and ME) and East North Central (WI, IL, and IN) 
regions. The second genetic deme (deme2) includes populations mostly from the West Central 
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(KS, OK, and LA) region and the third genetic deme (deme3) includes populations mostly from 
the West North Central (MN, NE, and SD) region. However, there were a total of 32 populations 
from IL, IA, MA, MO, ND, NE, and KS categorized into different demes compared to their 
neighboring populations in the same state. The known prairie cordgrass germplasms ‘Red River’ 
was categorized into deme3, and ‘STP’ and ‘KST’ were found in deme1. Neighbor-Joining tree 
indicated more subdivisions within the species (Figure 3.2). Although three major demes 
revealed were found to be mostly consistent with fastSTRUCTURE and DAPC, eight populations 
from NY, NJ, MA, KS, and ME were in subdivision within deme1, and four populations from IN 
and MO were separated away from all three demes.  
Three demes inferred from SNP data showed strong differentiation and overlapping 
patterns. The first two principal components separated deme1 from deme2 indicating two major 
gene pools (Figure 3.3). Although ploidy level is not fixed within these two gene pools, 
tetraploids (4x) and octoploids (8x) are primary cytotypes in deme1 and deme2, respectively. 
Populations in deme3 were all tetraploids and dispersed among deme2 and deme2. Seven 
populations from KS, IN, and MO were isolated from three major demes. ‘Red River’ and ‘KST’ 
prairie cordgrass was located near the border of deme1, and ‘STP’ prairie cordgrass was found 
within deme1. In deme1, populations collected from the same state tended to group together 
except for a few populations from IA, WI, MO, and IL. Three octoploid populations from ND 
were clustered in the large IL group, and four hexaploidy populations from IL were separated in 
a wider range compared to neighboring populations (Figure 3.4). In deme2, populations are more 
widely dispersed compared to those in deme1 and deme3. However, there were no hexa- and 
octoploids in deme2 (Figure 3.5). In deme3, populations from SD and MN formed the largest 
group and were separated from several populations from IL and IA (Figure 3.6). Notably, there 
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were several populations from ME, MA, and NJ that were categorized either in deme1 and 
deme3, even though they are geographically distant from others individuals in the same deme. 
Based on the SNP data, the pairwise linear regression analysis between Gower’s genetic distance 
and geographic distance showed a stronger pattern of isolation by distance between populations 
from the same ecoregion (r = 0.48) compared to those from different ecoregions (r = 0.14) 
(Figure 3.7). It also showed the strongest signal of isolation by distance within deme2 (r = 0.67) 
compared to that in deme3 (r = 0.50) and deme1 (r = 0.36). 
Analysis of molecular variance and heterozygosity 
Analysis of molecular variance showed that SNP marker variance was significant among 
ploidy levels, populations within ploidy levels, demes, and populations within demes (Table 3.2). 
Variance of SNP markers that accounted for ploidy levels and demes were 2.78% and 2.93%, 
respectively. Populations accounted for 32.94% and 35.97% of the SNP marker variance within 
ploidy levels and demes, respectively. Heterozygosity of SNP loci are significantly different 
among demes and between two ploidy levels (P < 0.0001). Overall, populations in deme3 had 
the highest heterozygosity while populations in deme1 showed the lowest heterozygosity, and 
octoploids showed higher heterozygosity than tetraploids (Figure 3.8). 
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DISCUSSION 
 
Intraspecific genetic variation 
Phenological and morphological differentiation due to geographic isolation and 
environmental gradients have been observed within several tallgrass species native to North 
America (McMillan 1965; Porter et al. 1966; Casler 2004; Boe & Bortnem 2009; Guo et al. 
2015). Using nuclear molecular markers, significant genetic diversity and population structures 
were found within these species (Huff et al. 1998; Narasimhamoorthy et al. 2008; Price et al. 
2012). Recent studies using the whole genome sequencing approach have revealed more 
evolutionary patterns in switchgrass (Grabowski et al. 2014; Morris et al. 2011; Lu et al. 2013). 
In this study, we also detected significant genetic differentiation among natural populations in 
prairie cordgrass. Three potential regional gene pools were identified, and similar to switchgrass, 
each gene pool has a dominant ploidy level, either tetraploid or octoploid (Grabowski et al. 
2014). Compared to the phylogeograhic study using chloroplast sequences by Kim et al. (2013), 
we included more populations and resolve population structure within gene pools. In the Kim et 
al. (2013) study, the PCG1 haplotype group has a wide longitudinal distribution ranging from 
central Nebraska to the east coast of Maine. This group may represent one large ancestral 
ecotype with a wide distribution that later subdivided into three ecotypes as indicated by the SNP 
data from this study. This may be due to the rise of locally adapted cytotypes within this 
ancestral ecotype, which created a barrier for admixture between tetraploids and octoploids. The 
finding of PCG3 haplotype distantly apart from PCG1 may indicate a historical migration of 
populations from south to north whenever they are able to adapt to different hardiness zones. 
This is similar to the pattern of differentiation observed between upland and lowland ecotypes in 
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switchgrass (Morris et al. 2011). Based on the SNP data, significant gene flow could occur 
between PCG3 and PCG1 haplotypes. Moreover, the elevation gradient between tallgrass and 
shortgrass prairie may also contribute to the differentiation of deme1 and deme3 gene pools (Hall 
1994; Hoyt 2000). 
Intraspecific biogeography 
Analysis of molecular variance showed significant variance among ploidy levels and 
demes, but accounted for only a small portion (2.78% and 2.93%, respectively) of the total 
variance. However, the large variance among populations indicated a greater landscape diversity 
in prairie cordgrass. Pattern of isolation by distance (IBD) was also more significant between 
populations from different ecoregions. This is congruent to results from a genetic diversity study 
on Big Bluestem (Andropogon gerardii Vitman) accessions by Price et al. (2012). Fragmentation 
of habitats and perennial nature of prairie cordgrass could explain the significant divergence 
among populations. The populations within deme2 were more widely dispersed than those in 
deme1 and deme3 as indicated by both the principal component analysis and IBD regression 
analysis between within and among demes. One hypothesis is that populations in deme2 all 
distributed south of the Illinoian and Kansan glaciation border, were refugees from multiple 
glaciation events. They migrated back to northern latitudes as Wisconsin glaciation receded 
around 10,000 ybp (Clayton & Moran 1982). 
The wide dispersal of several populations from ME, IA, IL, IN, MO, NE, and ND could 
be due to human activities such as railroad transportation in the Central US regions, and 
migratory trafficking from the west to east coasts (Dewey 1897; Hansen & Clevenger 2005).  
However, these populations could also be the consequences of admixture between northern and 
southern cyctotypes. In particular, several widely dispersed hexaploids categorized in deme1 
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could be evidence of ongoing evolution events promoted by admixture in prairie cordgrass. In 
switchgrass, this hypothesis was found to be valid through a simulated comparison between 
upland and lowland cytotypes (Grabowski et al. 2014). Analysis of heterozygosity also showed a 
higher heterozygosity in octoploids compared to that in tetraploids. The higher heterozygosity in 
deme2 compared to that in deme1 may indicate a historical admixture between populations from 
deme2 and ones from the other two demes. Therefore, the major gene flow in prairie cordgrass 
was a consequence of both geographic and climatic events.  
 
CONCLUSION 
 
Our research reported the population genomic variation and potential diversity centers in 
prairie cordgrass based on the analysis of 5033 SNPs from 96 natural populations. Three distinct 
genetic groups were identified associated with ploidy levels, geographical and ecotypic 
separation. Analysis of intraspecific variation among and within genetic groups and ploidy levels 
revealed the adaptation history of prairie cordgrass in the Midwest and Eastern USA . Future 
studies on local landscape variation in prairie cordgrass could provide further information on the 
adaptation strategies in perennial grass species. 
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Tables and Figures 
 
Table 3.1 Ploidy levels, USDA hardiness zones (PHZ), Level III ecological regions of North 
America, average annual minimum temperature (C°), and longitude and latitude of 96 prairie 
cordgrass (Spartina pectinata Link) populations  
 
POP ID State 
Ploidy 
level 
(x=10) 
Ecoregion† 
USDA 
Hardiness 
Zone‡ 
Average Annual 
Minimum 
Temperature (C°) 
Latitude Longitude 
PC09-102 CT 4 NCZ HZ7a -17.8 to -15.0 41°21'0.09"N 71°54'33.08"W 
PC19-101 IA 4 WCBP HZ5a -28.9 to -26.1 41°55'7.77"N 92°34'57.55"W 
PC19-102 IA 4 WCBP HZ5a -28.9 to -26.1 41°56'23.29"N 92°34'35.82"W 
PC19-103 IA 4 WCBP HZ5a -28.9 to -26.1 42°0'29.81"N 93°25'38.27"W 
PC19-105 IA 4 WCBP HZ5a -28.9 to -26.1 42°39'42.72"N 94°13'36.54"W 
PC19-106 IA 8 WCBP HZ5a -28.9 to -26.1 43°4'58.56"N 94°26'52.32"W 
PC19-107 IA 8 WCBP HZ5a -28.9 to -26.1 43°5'5.98"N 94°32'14.99"W 
PC19-108 IA 8 WCBP HZ5a -28.9 to -26.1 42°19'48.21"N 96°19'37"W 
PC19-109 IA 4 WCBP HZ5a -28.9 to -26.1 42°12'20.6"N 96°15'5.22"W 
PC19-110 IA 4 WCBP HZ5a -28.9 to -26.1 41°47'33.84"N 96°2'33.19"W 
PC19-111 IA 4 WCBP HZ5a -28.9 to -26.1 42°1'27"N 93°43'6"W 
PC19-112 IA 8 WCBP HZ5a -28.9 to -26.1 42°1'55.93"N 94°27'19.83"W 
IL-100 IL 4 CCBP HZ6a -23.3 to -20.6 39°40'23.7"N 89°9'19.68"W 
IL-102 IL 4 CCBP HZ5b -26.1 to -23.3 40°3'55"N 88°14'19"W 
IL-104 IL 4 CCBP HZ5b -26.1 to -23.3 40°10'45"N 88°44'31"W 
IL-105 IL 4 CCBP HZ5b -26.1 to -23.3 40°54'41"N 87°56'36"W 
IL-106 IL 4 CCBP HZ5b -26.1 to -23.3 40°39'24"N 88°1'12"W 
IL-99 IL 4 CCBP HZ6a -23.3 to -20.6 39°45'N 88°42'3"W 
PC17-102 IL 6 CCBP HZ5b -26.1 to -23.3 40°0'38.74"N 88°1'14.88"W 
PC17-103 IL 6 CCBP HZ5b -26.1 to -23.3 40°0'38.85"N 88°1'14.44"W 
PC17-104 IL 6 CCBP HZ5b -26.1 to -23.3 40°0'38.97"N 88°1'14.14"W 
PC17-105 IL 4 CCBP HZ5b -26.1 to -23.3 40°6'48.09"N 88°8'55.1"W 
PC17-106 IL 8 CCBP HZ5b -26.1 to -23.3 40°12'58"N 88°6'18"W 
PC17-107 IL 4 CCBP HZ5b -26.1 to -23.3 40°13'28.89"N 88°5'44.07"W 
PC17-108 IL 4 CCBP HZ5b -26.1 to -23.3 40°17'50.2"N 88°0'6.81"W 
PC17-109 IL 4 CCBP HZ5b -26.1 to -23.3 40°3'16.85"N 88°12'16.12"W 
PC17-111 IL 4 CCBP HZ5a -28.9 to -26.1 41°49'50.99"N 89°26'4.28"W 
PC17-114 IL 4 CCBP HZ5b -26.1 to -23.3 40°0'17.16"N 88°0'36.08"W 
PC17-115 IL 4 CCBP HZ5b -26.1 to -23.3 41°29'5.16"N 90°19'21.66"W 
PC17-116 IL 6 CCBP HZ5b -26.1 to -23.3 40°0'38.68"N 88°1'13.51"W 
PC17-117 IL 8 CCBP HZ5b -26.1 to -23.3 39°57'7.84"N 88°0'22.96"W 
PC17-118 IL 4 IRVH HZ6a -23.3 to -20.6 38°57'26.79"N 88°29'51.04"W 
PC17-119 IL 4 CCBP HZ6a -23.3 to -20.6 39°38'14.77"N 88°18'55.89"W 
PC17-120 IL 4 IRVH HZ6a -23.3 to -20.6 39°27'36.18"N 91°2'13.92"W 
PC17-124 IL 4 IRVH HZ5b -26.1 to -23.3 40°52'19.48"N 90°36'46.59"W 
PC17-126 IL 4 CCBP HZ5b -26.1 to -23.3 40°28'22.61"N 87°44'44.54"W 
PC17-128 IL 4 CCBP HZ5b -26.1 to -23.3 40°12'47.45"N 88°11'59.33"W 
PC17-129 IL 4 CCBP HZ5b -26.1 to -23.3 40°4'40.17"N 88°14'50.64"W 
PC17-130 IL 4 CCBP HZ5b -26.1 to -23.3 40°6'46.58"N 88°1'28.77"W 
PC17-136 IL 4 CCBP HZ5b -26.1 to -23.3 40°1'3.71"N 88°1'31.42"W 
PC17-144 IL 8 IRVH HZ6a -23.3 to -20.6 39°12'28.08"N 88°29'32.58"W 
PC17-146 IL 4 CCBP HZ6a -23.3 to -20.6 39°29'30.45"N 89°7'8.33"W 
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Table 3.1 (cont.)        
PC20-109 IL 8 FH HZ6a -23.3 to -20.6 39°5'41.43"N 96°36'14.75"W 
PC18-101 IN 4 ECBP HZ5b -26.1 to -23.3 40°14'54.29"N 87°3'33.53"W 
PC20-101 KS 8 FH HZ6a -23.3 to -20.6 39°4'16.1"N 96°32'18.89"W 
PC20-102 KS 4 FH HZ6b -20.6 to -17.8 37°19'38.15"N 97°0'24.84"W 
PC20-103 KS 8 FH HZ6a -23.3 to -20.6 39°3'38.25"N 96°22'53.91"W 
PC20-104 KS 8 FH HZ6b -20.6 to -17.8 37°44'33.7"N 96°50'38.12"W 
PC20-110 KS 8 CGP HZ6a -23.3 to -20.6 38°54'32.13"N 97°14'44.54"W 
PC22-101 LA 4 SWTP HZ8a -12.2 to -9.40 32°53'54"N 91°59'27"W 
PC25-101 MA 4 NCZ HZ6b -20.6 to -17.8 42°33'37.2"N 70°55'18.96"W 
PC23-101 ME 4 APH HZ5b -26.1 to -23.3 43°55'13.93"N 69°51'49.57"W 
PC23-102 ME 4 APH HZ5b -26.1 to -23.3 44°16'4.57"N 69°1'0.65"W 
PC23-103 ME 4 APH HZ5b -26.1 to -23.3 44°29'26.19"N 68°1'1.51"W 
PC23-104 ME 4 APH HZ5b -26.1 to -23.3 44°31'39.58"N 67°53'14.11"W 
PC27-101 MN 4 LAP HZ3b -37.2 to -34.4 47°35'25.52"N 95°47'16.76"W 
PC27-102 MN 8 LAP HZ4a -34.4 to -31.7 47°48'40.55"N 96°36'38.84"W 
PC27-103 MN 8 LAP HZ3b -37.2 to -34.4 48°30'51.67"N 96°53'13.16"W 
PC27-104 MN 8 LAP HZ4a -34.4 to -31.7 46°40'27.03"N 96°25'30.67"W 
PC27-106 MN 8 WCBP HZ4b -31.7 to -28.9 45°9'5.72"N 95°57'41.39"W 
PC27-108 MN 8 WCBP HZ4b -31.7 to -28.9 44°32'36.86"N 94°17'41.97"W 
PC29-101 MO 4 CIP HZ5b -26.1 to -23.3 39°46'37.08"N 93°24'16.02"W 
PC29-102 MO 4 CIP HZ6a -23.3 to -20.6 39°45'35.76"N 92°41'16.86"W 
PC29-103 MO 4 CIP HZ5b -26.1 to -23.3 39°42'53.7"N 92°7'51.66"W 
PC29-104 MO 4 CIP HZ6a -23.3 to -20.6 37°51'42.63"N 94°13'37.97"W 
PC29-106 MO 4 CIP HZ6b -20.6 to -17.8 37°51'12.95"N 94°18'55.53"W 
PC38-101 ND 8 NGP HZ4a -34.4 to -31.7 47°27'33"N 98°49'58"W 
PC31-101 NE 8 CGP HZ5b -26.1 to -23.3 40°46'13.63"N 97°4'56.22"W 
PC31-102 NE 8 CGP HZ5b -26.1 to -23.3 40°44'28"N 99°33'35"W 
PC31-103 NE 8 CGP HZ5a -28.9 to -26.1 40°53'5.91"N 100°3'41.99"W 
PC31-104 NE 8 CGP HZ5a -28.9 to -26.1 41°2'22.28"N 100°25'19.84"W 
PC31-105 NE 8 CGP HZ5a -28.9 to -26.1 41°5'2.18"N 100°32'16.07"W 
PC34-101 NJ 4 ACPB HZ6b -20.6 to -17.8 40°0'10.56"N 74°37'8.49"W 
PC20-105 NY 4 CIP HZ6b -20.6 to -17.8 37°43'55.63"N 94°42'29.07"W 
PC20-107 NY 8 FH HZ6a -23.3 to -20.6 39°0'9.24"N 96°31'30.42"W 
PC40-101 OK 4 CIP HZ6b -20.6 to -17.8 36°51'32.52"N 94°54'47.76"W 
PC40-102 OK 4 CIP HZ6b -20.6 to -17.8 36°52'25.5"N 95°0'45.24"W 
PC40-103 OK 8 CGP HZ7a -17.8 to -15.0 36°49'43.56"N 97°4'3.47"W 
PC40-104 OK 8 CGP HZ7a -17.8 to -15.0 36°49'43.92"N 97°4'3.3"W 
PC46-101 SD 8 WCBP HZ4b -31.7 to -28.9 43°40'26.68"N 96°48'41"W 
PC46-102 SD 8 NGP HZ4b -31.7 to -28.9 43°32'5.52"N 96°49'50.69"W 
PC46-103 SD 8 NGP HZ4b -31.7 to -28.9 43°26'26.69"N 96°49'34.73"W 
PC46-104 SD 8 NGP HZ4b -31.7 to -28.9 43°23'17.41"N 96°49'34.67"W 
PC46-105 SD 8 NGP HZ4b -31.7 to -28.9 43°10'34.77"N 96°49'32.57"W 
PC46-106 SD 8 NGP HZ4b -31.7 to -28.9 42°58'1.2"N 96°49'34.73"W 
PC46-107 SD 8 NGP HZ5a -28.9 to -26.1 42°48'11"N 96°49'35.19"W 
PC46-108 SD 8 NWGP HZ4b -31.7 to -28.9 43°56'39.15"N 98°16'17.77"W 
PC46-109 SD 8 SCP HZ5a -28.9 to -26.1 43°26'55.46"N 100°1'41.2"W 
PC55-101 WI 4 WCBP HZ5a -28.9 to -26.1 43°31'27"N 89°29'51"W 
PC55-102 WI 4 NCHF HZ4b -31.7 to -28.9 44°3'12.62"N 90°5'23.37"W 
PC55-103 WI 4 NCHF HZ4b -31.7 to -28.9 44°39'40.94"N 91°3'14.96"W 
PC55-104 WI 4 NCHF HZ4a -34.4 to -31.7 45°30'21.77"N 92°1'12.12"W 
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Table 3.1 (cont.)        
PC55-105 WI 4 DA HZ4b -31.7 to -28.9 43°26'46.02"N 90°46'48.11"W 
Red River - 8 - - - - - 
STP* - 4 - - - - - 
KST** - 4 - - - - - 
 
 
†APH = Acadian Plains and Hills, ACPB = Atlantic Coastal Pine Barrens, CCBP = Central Corn Belt 
Plains, CGP = Central Great Plains, CIP = Central Irregular Plains, DA = Driftless Area, ECBP = Eastern 
Corn Belt Plains, FH = Flint Hills, IRVH = Interior River Valleys and Hills, IRVH = Lake Agassiz Plain, 
NCHF = North Central Hardwood Forests, NCZ = Northeastern Coastal Zone, NGP = Northern Glaciated 
Plains, NWGP = Northwestern Great Plains, SCP = South Central Plains, SWTP = Southeastern 
Wisconsin Till Plains, WCBP = Western Corn Belt Plains (Omernik, 1987, available at 
www.epa.gov/wed/pages/ecoregions.htm., accessed on 17 July 2016). 
‡PRISM Climate Group – Oregon State University (2012). 
 
*STP = Southampton germplasm, Big Flats plant material center, NY 
**KST = Kingston germplasm, Big Flats plant material center, NY 
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Table 3.2 Analysis of molecular variance (AMOVA) for 96 prairie cordgrass populations based on 
5033 SNP markers 
 
 DF
†
 Sums of squares Mean Squares Percentage of variance 
Ploidy levels 2 4324.86 2162.43**‡ 2.78 
Populations/ploidy level 93 101613.98 1092.62** 32.94 
Samples/populations/ploidy level 91 49761.33 546.83*** 64.28 
Demes 2 5103.25 2551.62** 2.93 
Populations/demes 106 110151.76 1039.17** 35.97 
Samples/populations/demes 78 40445.17 518.53*** 61.10 
 
† Degrees of freedom varied across variables 
‡ **Significant at the P <0.01, ***Significant at the P <0.001 
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Figure 3.1 Geographical distribution of prairie cordgrass genetic diversity. (a) Map of collection 
locations. Three colors correspond to three demes inferred by fastSTRUCTURE and DAPC, and 
three shapes correspond to three levels of ploidy as indicated by the legend. Rectangle, circle, 
and triangle represent tetraploids, octoploids, and hexaploids, respectively. The deme1 
populations are colored red, the deme2 populations are colored yellow, and the deme3 
populations are colored blue. (b) Population genetic structure and admixture patterns of 96 
natural populations. Populations in deme1 are mostly from New England (MA and ME) and East 
North Central (WI, IL, and IN) regions, deme2 includes populations mostly from the West 
Central (KS, OK, and LA) region, and deme3 are populations from the West North Central (MN, 
NE, and SD) region. 
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Figure 3.2 Neighbor-Joining tree of 96 populations based on the analysis of 5033 SNPs data. 
Colors correspond to first four subdivisions, and branches in black frame correspond to three 
demes inferred from fastSTRUCTURE and DAPC algorithm.  
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Figure 3.3 Population structure among demes inferred from PCA. Colors correspond to three demes separated by the first two 
principal components (PC1 and PC2). Shapes correspond to three levels of ploidy. 
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Figure 3.4 Population structure within deme1 inferred from PCA. Colors correspond to states of collection separated by the first two 
principal components (PC1 and PC2). Shapes correspond to three levels of ploidy. 
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Figure 3.5 Population structure within deme2 inferred from PCA. Colors correspond to states of collection separated by the first two 
principal components (PC1 and PC2). Rectangular shape correspond to tetraploid. 
 
Deme2: West Central 
63 
 
Figure 3.6 Population structure within deme3 inferred from PCA. Colors correspond to states of collection separated by the first two 
principal components (PC1 and PC2). Shapes correspond to three levels of ploidy. 
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Figure 3.7 Patterns of isolation by distance indicated by the regression analysis between Gower’s genetic distance and log-
transformed geographic distance. (a) Grey = Pairwise comparison between populations from different ecoregions (dashed line, r = 
0.14). Black = Pairwise comparison between populations within ecoregions (solid line, r = 0.48**†). (b) Grey = Pairwise comparison 
between populations from different demes (dashed line, r = 0. 14*). Red = Pairwise comparison between populations within deme1 
(solid line, r = 0.36**). Yellow = Pairwise comparison between populations within deme2 (solid line, r = 0.67**). Blue = Pairwise 
comparison between populations within deme3 (solid line, r = 0.50**). 
 
  
† *Coefficient significant at the P <0.05    **Coefficient significant at the P <0.01 
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Figure 3.8 Distribution of heterozygous SNPs from three demes and three ploidy levels. (a) 
Frequencies of heterozygous SNPs of each individual as an estimate of heterozygosity within 
each of three demes. (b) Frequencies of heterozygous SNPs of each individual within each of 
three ploidy levels.  
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CHAPTER 4 
BIOMASS YIELD AND FEEDSTOCK QUALITY OF PRAIRIE CORDGRASS 
(SPARTINA PECTINATA LINK) IN RESPONSE TO SEEDING RATE, ROW SPACING, 
AND NITROGEN FERTILIZATION 
 
ABSTRACT 
 
Prairie cordgrass (Spartina pectinata Link) shows potential as a bioenergy feedstock in 
wet and saline marginal croplands across much of the US and Canada. Objectives of this study 
were to 1) evaluate the effects of seeding rate and row spacing on biomass yield and 2) 
determine effects of N fertilization on biomass yield and feedstock quality of ‘Savoy’ prairie 
cordgrass. During 2012, a field trial composed of three seeding rates (162, 323, and 484 pure live 
seed (PLS) m-2) and three row spacing treatments (19, 38, and 76 cm) was established in Urbana, 
Illinois. In the same year, another field trial was established with four N rates (0, 84, 168, and 
84/84 (equal split applications during spring and after V6 stage) kg N ha-1). During four years of 
evaluation, no differences in biomass yields were observed under all combinations of treatments 
except higher yield under 76 cm spacing in 2013. After fertilizing with N for three years, 
biomass yields increased as N applications increased from 0 to 84 kg N ha-1, but no additional 
response occurred above this rate. Feedstock quality (cellulose, hemicellulose, and ash 
concentrations) was not affected by N rate. Biomass nutrient removal increased as N rate 
increased with a function of biomass increase except biomass P. Our results indicate that prairie 
cordgrass could be successfully established in 76-cm rows spacing with a seeding rate of 162 
PLS m-2; after establishment the recommended N rate is 6 kg N ha-1 per dry Mg of biomass 
removed based on a post-killing harvest.  
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INTRODUCTION 
 
Prairie cordgrass (Spartina pectinata Link), a perennial rhizomatous warm-season grass 
native to North America (Barkworth et al., 2007), has potential as a herbaceous biomass 
feedstock (Boe et al., 2013). It is a dominant grass in wet Midwestern prairies and has high 
tolerance to soil salinity, water logging, and cold stress (Weaver, 1954; Pauly, 1974; U.S. Forest 
Service, 1998). Compared to switchgrass (Panicum virgatum L.) and big bluestem (Andropogon 
gerardii Vitman), prairie cordgrass grows more rapidly during spring and produces rhizomes 
from deeper below the soil surface (Weaver 1963; Boe et al., 2009). Although prairie cordgrass 
primarily thrives in soils too wet for switchgrass and maize (Zea mays L.), it is also frequently 
found in open, dry prairies and on railroad banks in the Midwestern, USA (Mobberley, 1953). 
Agronomic information for genetic resources of prairie cordgrass is limited. ‘Red River’ 
is a natural germplasm of prairie cordgrass developed by pollination among collections from 
Minnesota, North Dakota, and South Dakota. It is recommended as a vegetative cover for 
wetland restoration and streambank stabilization in the northern Great Plains (USDA-NRCS, 
1998). Three other natural germplasms including ‘Atkins’, ‘Kingston’, and ‘Southampton’ were 
recently developed from natural populations collected in Nebraska, the Northeast US, and New 
York, respectively and are mostly available as vegetative propagules (USDA-NRCS, 2013). 
Within the past 5 years, two high biomass yielding cultivars were developed from natural 
populations. ‘Prairie Farm’ from South Dakota (Zilverberg et al. 2015) was developed for the 
northern Grain Plains and ‘Savoy’ from Illinois (Lee and Parrish, 2016) for the Central Midwest. 
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While both are available for planting by seed, there is no agronomic data, including 
establishment and N fertility management, available for either one. 
Plant density and clonal architecture of warm-season grasses result in competition 
between plants for limited resources (Briske and Derner 1998). Previous studies found that 
switchgrass biomass yields were affected because of increased or reduced tiller numbers and 
increased or reduced shoot height when grown under different planting space treatments 
(Sladden et al. 1995; Sanderson et al. 1996). Based on a three-year study in Texas, Muir et al. 
(2001) reported that row spacing affected ‘Alamo’ switchgrass biomass yield only in the 
establishment year, but this effect diminished as stand age increased. Another study using 
lowland switchgrass also showed row spacing from 20 to 80 cm had no effect on biomass yield 
after the establishment year in Oklahoma (Foster et al., 2013). However, information about row 
spacing effect on prairie cordgrass biomass yield is still lacking.  
Using an appropriate seeding rate is an important management factor for improving 
perennial grass establishment and biomass yields. The recommended seeding rate for warm-
season grasses varies among species and environments. For ‘Alamo’ switchgrass, there were no 
differences in biomass yield among four seeding rates [4.48, 6.72, 8.96, and 11.2 kg pure live 
seed (PLS) ha-1] during the second through fourth years of production (West and Kincer 2011). 
With the same seeding rates for ‘EG1101’, Foster et al. (2012) also found that seeding rate had 
no effect on biomass yield. Masters (1996) reported that big bluestem increased stand 
frequencies and biomass yields with increased seeding rate. In that study applications of 
metolachlor (2-chloro-N-[2-ethyl-5-methylphenyl]-N-[2-methoxy-1-methylethyl]-acetamide) 
and/or atrazine (2-chloro-4-ethylamino-6-isopropyl-1,3,5-triazine) improved yield at a seeding 
rates as low as 110 PLS m-2, which emphasized the importance of weed control. A similar result 
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for switchgrass and big bluestem was reported by Vogel (1987) in which, seeding rates greater 
than 200 PLS m-2 were not necessary for switchgrass and big bluestem forage production, and 
seeding rates of 100 PLS m-2 were sufficient for conservation practices with good seedbed 
preparation and weed-control.  
Limited seed-establishment information is available for prairie cordgrass because asexual 
propagation is commonly used for establishment in conservation plantings. Planting seed is more 
convenient and economical, especially for large-scale biomass plantings. Determining the 
optimum seeding rate and row spacing is a necessary first step for prairie cordgrass 
establishment for biomass since it is more rhizomatous and forms a much denser sod than 
switchgrass or big bluestem. 
Past field studies have evaluated the fertilizer effects on prairie cordgrass biomass yield 
and quality and also compared those of prairie cordgrass with other forage crops grown for hay 
production and livestock digestibility. Nicholson and Langille (1965) reported a natural stand of 
prairie cordgrass yielded 7.7 Mg ha-1 at heading in Nova Scotia when supplied 84 kg ha-1 of N in 
early summer. However, the biomass yield decreased to 5.5 Mg ha-1 after physiological maturity. 
Unfertilized plots yielded 6.6 Mg ha-1 and 5.0 Mg ha-1 at heading and post physiological 
maturity, respectively. A field study by Potter et al. (1995) showed prairie cordgrass produced 12 
and 14 Mg ha-1 biomass for non-fertilized and fertilized (69 kg N ha-1) treatments, respectively in 
NW Europe. In their 7-year study, prairie cordgrass averaged more than 10 Mg ha-1 annually 
without the addition of fertilizer despite a drought in fifth year after planting that reduced 
productivity. Boe and Lee (2007) reported that two prairie cordgrass populations from eastern 
South Dakota (SD) produced 9.3 Mg ha-1 biomass yield in the fourth year without fertilization, 
compared to 4.8 Mg ha-1 by ‘Summer’ and ‘Sunburst’ switchgrass in SD. At the same location, a 
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mature stand of ‘Red River’ prairie cordgrass yielded 12.7 Mg ha-1 biomass with an application 
of 75 kg N ha-1 every other year (Boe et al. 2009).  
Feedstock quality can be an important factor for determining conversion efficiency 
(Lewandowski and Kicherer 1997; McKendry 2002; Sanderson et al. 2007) depending on the 
conversion method utilized, and quality may be affected by species and/or cultivars and 
management practices. For the model energy crop switchgrass, several studies report feedstock 
quality and chemical composition differences and changes among different cultivars and under 
different management practices including N fertilization. However, limited information is 
currently available for prairie cordgrass. Boe and Lee (2007) found cellulose and hemicellulose 
concentrations of ‘Summer’ and ‘Sunburst’ switchgrass and two prairie cordgrass populations 
were similar when harvested after a killing frost. Mostafa et al. (2017) found no N rate effect on 
switchgrass biomass fiber constituents; however, delaying harvest beyond a killing resulted in 
increases in fiber. In their study, the presence of several mineral elements was also more affected 
by harvest timing than by N rate. In a study of ‘Alamo’ switchgrass, Guretzky et al. (2011) found 
that N, phosphorus (P), and potassium (K) concentration and removal in biomass increased as 
plots aged and N fertilization rate increased without differences in plant cellulose and 
hemicellulose concentration among N fertilization rates. Kering et al. (2012) reported that 
various perennial grasses responded differently to N fertilizer in terms of biomass yield and 
nutrient removal. Nicholson and Langille (1965) indicated that digestibility and ash 
concentration in prairie cordgrass were lower in N-fertilized stands than in unfertilized stands. In 
current row-crop production systems, excessive N fertilizer could have negative impacts on both 
surface and ground water quality (Carpenter et al. 1998). Perennial grasses such as prairie 
cordgrass and switchgrass developed for conservation, especially for riparian areas, should be 
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more effective and removing nutrients, thus reducing issues with ground-water quality (Blanco-
Canqui et al. 2004; Skinner et al. 2009). However, chemical compositions and nutrient and 
mineral concentrations have not been reported in prairie cordgrass under different levels of N 
fertilizer. 
To date there are few recommendations for prairie cordgrass management practices for 
either biomass production or conservation in Midwestern USA. Therefore, the objectives of this 
study were: (1) to determine the effect of seeding rate and row spacing on establishment and 
biomass production of prairie cordgrass and (2) to evaluate the feedstock quality and nutrient 
concentration and removal of prairie cordgrass under different N rates and fluctuating 
environmental conditions. 
 
MATERIALS AND METHODS 
 
Row spacing and N rate studies on ‘Red River’ prairie cordgrass 
To provide baseline information for our ‘Savoy’ prairie cordgrass row spacing and N rate 
studies, we conducted two preliminary field experiments using commercially available ‘Red 
River’ prairie cordgrass seed (Millborn Seeds Inc., Brookings, SD USA). Both row spacing and 
N rate field trials were established and conducted from 2009 through 2011 at the University of 
Illinois Energy Farm at Urbana, IL (40°4’7” N, 88°11’46” W). The experimental design of the 
row spacing field trial was a randomized complete block design with four replications. In May 
2009, ‘Red River’ seed was drilled at row spacings of 19, 38, and 76 cm with a seeding rate of 
502 PLS m-2 on soybean stubble [Flanagan silt loam (fine, smectitic, mesic Aquic Argiudoll)] without 
tillage using a no-till plot drill (3P606NT, Great Plains Ag, Salina, KS, USA). The plots 
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measured 1.5 m × 7.6 m and the interior of each plot (1.2 m×6.1 m) was harvested to determine 
biomass yield after killing frosts in November 2010 and December 2011 using a Cibus S forage 
plot harvester (Wintersteiger, Ried, Austria). The plots of N rate field trial were arranged in a 
randomized complete block design with four replications and N application levels were 0, 57, 
111, 168, and 225 kg N ha-1. Seedlings developed from ‘Red River’ were transplanted into the 
same location at Energy Farm. The plots measured 1.8 m × 4.0 m, and each plot consisted of 
three rows of 10 plants with 30-cm spacing between plants. Urea fertilizer (46-0-0) was applied 
using a broadcast spreader (Lely 1250, Pella, IA, USA) based on the rates determined. The 
center of each plot (1.2 m × 3.0 m) was harvested after killing frosts in November 2010 and 
November 2011. 
Row spacing, seeding rate and N rate studies on ‘Savoy’ prairie cordgrass 
Seed of ‘Savoy’ prairie cordgrass, a synthetic cultivar developed from natural population 
originally collected in Savoy, Illinois, was used for this study. As a locally adapted cultivar, 
‘Savoy’ has a higher biomass yield potential for the Midwest U.S. than presently available 
commercial prairie cordgrasses, such as ‘Red River’. During the winter of 2010-2011, 
germination of ‘Savoy’ was determined by sowing seeds into a germination mix (Sun Gro 
Horticulture, Agawam, MA, USA) in greenhouse and counting seedlings weekly for one month 
to determine planting rate for the seeding rate and row spacing study. The seedlings were 
transplanted in the field in spring 2011 for the N rate study and spring 2012 for the row-spacing 
study. 
The seeding rate and row spacing study was established and conducted from 2012 
through 2016 at the University of Illinois Energy Farm at Urbana, IL, on a Flanagan silt loam 
(fine, smectitic, mesic Aquic Argiudoll). The soil was moderately well drained with less than 2% 
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slope. The experimental design was a split-plot in a randomized complete block with three 
replications with row spacing assigned as the main plots and seeding rates (161, 322, and 484 
PLS m-2) as subplots. The row spacings were 19, 38, and 76 cm planted into 2.6 m × 4.6 m, 3.8 
m × 4.6 m, and 4.5 m × 4.6 m plots, respectively, with the subplots were seeded at 161, 322, and 
484 PLS m-2. ‘Savoy’ seed was drilled on soybean (Glycine max) stubble without tillage on 12 
April 2012, which was treated with 0.038 g a.i. kg-1 mefenoxam and 0.025 g a.i. kg-1 fludioxonil 
prior to planting. Urea fertilizer (46-0-0) was applied at 56 kg N ha-1 using a broadcast spreader 
each spring, 2013-2016, but no fertilizer was applied in the planting year. The subplots (1.2 m × 
4.1 m) were harvested to determine biomass productivity November 2013, November 2014, 
January 2016, and November 2016, after a killing frost. Plant stand densities were measured 
after harvest in 2013 and 2014 using a frequency grid (Vogel and Masters 2001). 
The N-rate study was conducted on a Drummer silty clay loam near the seeding-rate 
study in a moderately well drained site with less than 2% slope. Soil analysis for the N-rate 
determined the soil nutrient baselines. The soil organic matter contents were 2.98% and 2.33%, 
NO3-N was 22.8 and 23.2 mg kg
-1, Bray-1 P was 35.2 and 13.2 mg kg-1, K was 164 and 93 mg 
kg-1 in soil depth of 0-15 cm and 15-30 cm, respectively. The experimental design was a 
randomized complete block with three replications. Beginning in 2011, there were annual spring 
applications of N with three rates (0, 84, 168 kg N ha-1) and a split application of 168 kg N ha-1 
(one half applied in spring and the other half applied after the V6 stage) using hand-applied urea 
(46-0-0) as the N source. The plot size was 2.4 m x 24.4 m and biomass in a 1.2 m x 17.4 m area 
was harvested after a killing frost on 20 November 2012, 20 November 2013, 10 November 
2014. A biomass subsample from each plot was collected from the combine and dried at 60o C 
for 72 hours to determine dry matter and saved for chemical composition and nutrient analyses. 
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Chemical composition analysis on ‘Savoy’ prairie cordgrass 
Subsamples were ground to pass through a 1-mm screen of a Retsch cutting mill (Retsch 
Inc. Haan, Germany). Acid detergent fiber (ADF), neutral detergent fiber (NDF), and acid 
detergent lignin (ADL) concentrations of ground samples were analyzed with an ANKOM 200 
Fiber Analyzer and ANKOM beaker procedure (ANKOM Technology, Fairport, NY) (ANKOM 
Technology, 2003a, 2003b, 2002, respectively). Cellulose concentrations were calculated as a 
value of ADF-ADL and hemicellulose as NDF-ADF. Ash concentration was determined by 
muffle furnace incineration at 600o C for 4 h. Ground samples were also analyzed for mineral 
concentrations including N, P, K, S, Ca, Mg, Na, Cu, Zn, Mn, Fe, B, and Al using inductively 
coupled plasma spectrometry with optical emission spectrometry (Thermo Scientific iCAP 6500 
Duo ICP, Thermo Fisher Scientific Inc., Waltham, MA, USA) following a concentrated HNO3 
microwave digestion procedure using a MARSXpress vessel (CEM, Matthews, NC, USA) 
(Gavlak et al., 2003). Nutrient and mineral removal by plant biomass were calculated by 
multiplying biomass yield by the corresponding concentration of each element (kg ha-1).  
Data analysis including ANOVA and mean separation performed using SAS (SAS 
Institute, Cary, NC). Biomass data were analyzed using the MIXED model with year, seeding 
rate, and row spacing as fixed effects for the seeding rate study. Biomass, feedstock quality, and 
nutrient and mineral removal data were analyzed using the MIXED model with year and N rate 
as fixed effects for the N-rate study and block as a random effect for both studies. Because there 
were correlated residuals, each plot was considered as a subject in a repeated measurement and 
an unstructured method was used as the covariance structure. Comparison of treatment means 
was calculated using Tukey’s Studentized Range Test for the traits with a significant difference 
(P-value < 0.05). 
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RESULTS 
 
Annual precipitation at Urbana during the course of the experiment ranged from 776 mm 
in 2012 to 1274 mm in 2015 (Illinois State Water Survey, accessed on January 4, 2017; Figure 
4.1). Monthly weather conditions were highly variable during the 2010 to 2016 growing seasons 
(Figures 4.1 and 4.2). Air temperatures, however, during the study period were not greatly 
different from the 30-year average except in March 2012, when temperatures were 8o C higher 
than the 30-year average, and February 2014 and 2015, when temperatures were 6o C lower than 
the 30-year average. In 2011, February and April were wetter than normal July and August drier 
than normal; 77% and 102% more precipitation fell in February and April, respectively, and 
there was 66% and 55% less precipitation in July and August, respectively, than the 30-year 
average. Precipitation in July 2012 was lower than the 30-year average when only 27% of the 
30-year average fell. Precipitation in July, August, and September 2013 was notably also below 
the 30-year norm. However, June and July 2014 had 89% and 85% more precipitation than the 
30-year average. In 2015, 111% more precipitation fell in June, 106% more in September, and 
174% more December than the 30-year average. 
Biomass responses to row spacing and seeding rate 
For ‘Red River’ prairie cordgrass row spacing study, year effect was significant for 
biomass yield, but row spacing was not significant (Table 4.1). Biomass productivity in 2010 
was lower than in 2011 across all three row spacing treatments (Figure 4.3); average yields were 
6.2 Mg ha-1 in 2010 and 5.0 Mg ha-1 in 2011 across all three row spacing treatments. For the 
‘Savoy’ prairie cordgrass row spacing and seeding rate study, the main effects of row spacing 
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and years were significant for biomass yield. The row spacing × year interaction effect was also 
significant for biomass yields. Plant density measured the two years after planting was 
significantly affected by seeding rate, year, and row spacing × year (Table 4.2). Overall, there 
were lower biomass yields in 2013 (the first year after planting) with lower plant densities than 
in subsequent years across row spacings (Figure 4.4) and seeding rates (Figure 4.5). Plant 
densities in 2013 were less than 12 plants m-2 under all treatments and increased to more than 20 
plants m-2 in 2014. The 76-cm row spacing produced 16 Mg ha-1 biomass in 2014, which was 
significantly higher than 11 Mg ha-1 produced using a 19 cm row spacing (P < 0.05) (Figure 4.4). 
In 2015 and 2016, biomass yields among row spacing treatments were not different (Figure 4.4). 
There was no seeding rate effect on biomass production throughout the four growing season 
studied (2013-2016) despite yields were lower in 2013 compared to other years (Figure 4.5).  
Biomass yield and feedstock qualities responses to levels of N rate 
For the ‘Red River’ prairie cordgrass N-rate study, only the N application rate effect was 
significant for biomass yield (Table 4.3). Across two years, the biomass yields ranged from 1.8, 
2.5, 3.1, 3.3, and 3.7 Mg ha-1 at the 0, 57, 111, 168, and 225 kg N ha-1 N application rates, 
respectively (Figure 4.6). For the ‘Savoy’ prairie cordgrass N rate study, N rate, year, and N rate 
× year interaction affected biomass yield (Table 4.4). Biomass yield was lower in 2012 than 
2013 and 2014, and there were no differences in biomass yields among N rates in 2012. (Figure 
4.7). In 2013 and 2014, biomass yields increased as N application rates increased from the 
control (0 kg N ha-1) to 84 kg N ha-1; however, there were no differences between the 84 and 168 
kg N ha-1 treatments, nor the split application (Figure 4.7). ‘Savoy’ prairie cordgrass produced 
6.7, 13.7, and 12.6 Mg biomass ha-1 in 2012, 2013, and 2014, respectively, at the 84 kg N ha-1 
rate (Figure 4.7).  
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Feedstock composition (cellulose, hemicellulose, lignin, and ash concentrations) was not 
affected by the N fertilization rate, but harvest years had significant effects on feedstock 
composition (Table 4.4). Biomass cellulose and hemicellulose levels were lower in 2013 than 
2012 or 2014, whereas ash and lignin showed an opposite trend (Table 4.7). Nitrogen application 
rate effects were significant for plant nutrient and mineral concentrations including N, P, Ca, Mg, 
and Zn, and year effects were significant for all minerals except S (Tables 4.5 and 4.6). Biomass 
N concentrations were lower in samples from control plots (0 kg N ha-1) than in samples from 
plots that were fertilized with N, while biomass P concentration was highest in samples from 
control plots compared with samples from the various N-applied plots (Table 4.6). Plant nutrient 
and mineral concentrations including N, P, K, and Fe were lower in 2012 compared to 2013. 
Sodium, Ca, and Mg levels were showed the lowest concentrations in 2014. Plant nutrient 
removals were generally higher in 2013 and 2014 than in 2012 (Table 4.7). Nitrogen application 
rates had a significant effect on removal of N, K, S, Mg, and Ca, which largely increased from 
the control to the highest N rate (Tables 4.5 and 4.6).  
 
DISCUSSION 
 
Prairie cordgrass is commonly found in poorly drained, water-logged, and seasonally 
flooded soils (Mobberley, 1953 and Weaver, 1963). In this study, both ‘Red River’ and ‘Savoy’ 
prairie cordgrasses were successfully established from seed and from transplants on well-drained 
soil even when a severe drought occurred during the early stage of establishment in 2012. 
Consistent biomass yields were mostly achieved during the second through fifth years after 
establishment in the ‘Savoy’ prairie cordgrass row-spacing and seeding-rate study. Prairie 
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cordgrass also showed a higher early spring emergence rate than other warm-season grasses at 
the same location. In fact, prairie cordgrass generally initiates growth in spring roughly a month 
earlier than other warm-season grasses (author’s personal observation on March 23rd, 2011). 
Overall, ‘Savoy’ prairie cordgrass, compared to ‘Red River’ prairie cordgrass, produced more 
biomass at the same location. 
Biomass yield responses to levels of row spacing and seeding rate 
In this study, it was clear that prairie cordgrass seed establishment was slower than other 
warm-season grasses such as switchgrass and big bluestem. During the establishment year, there 
was not adequate harvestable biomass for either ‘Red River’ and ‘Savoy’, even though there 
were clear differences among row spacings and seeding rates.  
‘Red River’ prairie cordgrass biomass yield tended to be lower under wider row spacings, 
but biomass yields were not affected by row spacing. As a more northerly adapted ecotype, ‘Red 
River’ suffered from fluctuating weather conditions in IL and produced less biomass compared 
to its productivity in the area of its origin (Boe et al., 2009), indicating that ‘Red River’ prairie 
cordgrass might not be a suitable cultivar central Illinois. However, it provided useful baseline 
information about the levels of row spacing treatments.  
‘Savoy’ biomass yields among row spacings were not different except there was biomass 
produced in the narrow spacing during the early stage of establishment (i.e., 2013-2015). This is 
different from lowland switchgrass, which produces higher biomass under narrow row spacing 
(from 18 to 54 cm) during the early stage of establishment (Sanderson and Reed 2000; Muir et 
al. 2001). Compared to switchgrass, prairie cordgrass showed a more rapid expansion of 
rhizomes in response to row spacing, which possibly negated the effect of the low seeding rate 
treatment, and could be due to the way prairie cordgrass rhizomes are formed. Weaver (1963) 
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noted that rhizomes of prairie cordgrass extended up to 60 cm and formed a large, dense sod, 
with more than 250 m rhizome m-2. In previous studies, prairie cordgrass rhizomes were mostly 
found 5 and 15 cm deeper in the soil than the rhizomes of switchgrass and big bluestem, 
respectively (Weaver 1954; Rice et al., 1998). Biomass yield was highly correlated with plant 
density (plant m-2). This was obviously true in the first year after planting when biomass yields 
were less than 7 Mg ha-1 under all treatments and when plant densities were less than 10 plants 
m-2. This level of plant density is considered inadequate for switchgrass biomass production the 
first year after planting (Vogel et al. 2011). Despite the relatively low plant densities, biomass 
yield was not correlated with plant density during the rest of study period. 
Boe et al. (2009) evaluated the morphological traits and biomass production of seven 
locally adapted prairie cordgrass populations in eastern South Dakota. The authors found that 
prairie cordgrass rhizomes can produce both sod-forming (guerilla) and caespitose (phalanx) 
growth types. Heavy rhizomes and high density of meristems contribute to the out-sourcing and 
wide spreading nature of prairie cordgrass and its quick response to fluctuating environmental 
conditions. Moreover, after eight years’ evaluation, Boe et al. (2009) reported that rows of 
switchgrass were still discernible, whereas prairie cordgrass had formed a dense sod with 
indistinct rows. Similar to Beaty et al. (1978), switchgrass is more evolved as a bunch type 
perennial grass with fewer buds and nodes developed from rhizomes. In our study, we were not 
able to identify prairie cordgrass rows after the 2013 and 2014 growing seasons; even rows 
spaced 76 cm apart had completely disappeared after the 2014-growing season. The may be 
because lower biomass in plots with narrower spacings produces a lower reproductive 
tiller/vegetative tiller ratio and lower tiller mass caused by interspecific plant competition of 
high-tiller densities (Guo et al., 2016; Boe et al., 2013).  
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Seeding rate was not an important factor for sustainable biomass production of prairie 
cordgrass. Across all seeding rates, ‘Savoy’ prairie cordgrass biomass yields were not different 
from the second year after planting, which was similar to Masters (1996) and Vogel (1987), 
whom both suggested that switchgrass and big bluestem could be successfully established with a 
seeding rate of 200 PLS m-2. Our field-trial results found that prairie cordgrass could be 
established with a minimum seeding rate of 160 PLS m-2 at a 76-cm row spacing and have 
sustainable biomass production from the second year after planting as long as there were more 
than 20 plants m-2 and weed competition was minimized. Since prairie cordgrass seed is often 
relatively expensive, minimizing the seeding rate will reduce establishment costs for producers. 
Even though prairie cordgrass accumulates significant biomass early in the growing 
season, its biomass at the end of the growing season was significantly affected by a severe 
drought during the 2012-growing season. That year, there were no biomass-yields differences 
among N rates, and the yield was less than 50% of the subsequent years. Heckthorn and Delucia 
(1996) reported that drought could induce prairie cordgrass to retranslocate N from shoots to 
crowns, thus sacrificing carbon assimilation for regrowth the next year. This may help explain 
the overall low biomass yield in 2012, even with ample rainfall that fell in August, September, 
and October. However, this result needs to be confirmed with a real-time monitoring of carbon 
and N partitioning throughout the growing season. 
Biomass yield and feedstock qualities responses to levels of N rate 
‘Red River’ prairie cordgrass, biomass productivity increased linearly with N rates up to 
225 kg N ha-1. However, compared to ‘Red River’ yields of up to 12.7 Mg ha-1 in eastern South 
Dakota, the lower yield in the current experiment again suggests that ‘Red River’ might not be 
considered as a suitable cultivar in central Illinois. For ‘Savoy’ prairie cordgrass, N application 
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was necessary for significant increases in biomass production in 2013 and 2014, although rates 
greater than 84 kg N ha-1 did not improve biomass yields, and the highest N rate caused stand 
lodging (data not shown). Similar results were observed in other warm-season grasses for 
biomass production. For example, lowland switchgrass, big bluestem, and Indiangrass 
(Sorghastrum nutans (L.) Nash) reached maximum biomass yields after N applications between 
100 to 170 kg ha-1 when grown in local environments (Muir et al. 2001; Vogel et al. 2002; 
Heggenstaller et al. 2008; Guretzky et al. 2011). Anderson et al. (2013) reported that the 
recommended N rate for ‘Cave-In-Rock’ switchgrass biomass production in IL was within ±7% 
of the replacement rate of 10-12 kg N ha-1 per dry Mg of harvested biomass made by Vogel et al. 
(2002). In a 4-yr N rate study on switchgrass across five U.S. states, Hong et al. (2014) found 
that N application positively affected biomass production primarily in areas with low initial soil 
N, and in NY, lodging was observed at the highest N rate (112 kg ha-1). However, optimal N 
fertilizer rates for switchgrass biomass production were highly variable with respect to cultivars, 
harvest timings, and locations. Based on the results from this study and past results with 
switchgrass, further N rate field evaluations across different environmental gradients and soil 
types are needed before recommendations can be made for commercial-scale prairie cordgrass 
production.  
Biomass feedstocks with high cellulose and hemicellulose and low ash concentrations are 
ideal for bioenergy production (Miles et al. 1993; McLaughlin et al. 1996; Demirbas 2004). This 
study’s biomass composition was similar to those reported for native populations of prairie 
cordgrass in SD (Boe and Lee, 2007). Even though the concentrations of cellulose, 
hemicellulose, lignin, and ash, varied among samples coming from different growing seasons, 
cellulose and lignin concentrations tended to increase with increasing N rate and hemicellulose 
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concentration decrease with increasing N rates. These results were similar to those observed in 
switchgrass in several other studies across multiple environments (Waramit et al., 2011; 
Anderson et al., 2013; Hong et al., 2014). Although not significantly different, the ash 
concentration in the control was higher than in the other N rates. This was the same pattern 
observed by Nicholson and Langille (1965). Lemus et al. (2008) and Anderson et al. (2013) 
reported lower ash concentration in samples from N-fertilized plots of ‘Cave-in-Rock’ 
switchgrass. Hong et al. (2014) noted that location (five US states) had a much greater effect 
than N rate on the ash concentration in switchgrass biomass. Our prairie cordgrass tissue nutrient 
and mineral concentrations were similar to the concentrations reported for switchgrass by Adler 
et al., (2006) in Pennsylvania, and concentrations of most mineral elements, other than P, 
increased with added N rate, similar to results observed in ‘Cave-In-Rock’ switchgrass 
(Sadeghpour et al., 2013).  
For switchgrass biomass production and composition, N-application effects on P 
concentration varied among studies. Guretzky et al. (2011) and Heggenstaller et al. (2009) 
reported P concentration increased with increased N application, and Sadeghpour et al. (2013) 
found that P concentration decreased as N applications increased. On the other hand, Ibrahim et 
al. (2017) found that P increased with increasing N in one year and decreased the second year. In 
Guretzky et al. (2011), greater removal of nutrients, including N, P, and K, were observed in 
switchgrass when N rate increased from 0 to 180 kg N ha-1., and also reported that increasing N 
application up to 134 kg ha-1 increased biomass production, and also increased N, K, and Fe 
concentrations and decreased P concentrations. However, in our study, P removal levels in 
prairie cordgrass did not increase with added N. Plant nutrient removal can be explained as a 
function of plant tissue nutrient concentration and biomass yield (Johnson et al., 2010). Nitrogen 
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removal increased with increased N application as a function of tissue N concentration and 
biomass yield, but P removal changed with increased N rate as a function of decreased P 
concentration and increased biomass yield. 
Currently, some perennial bioenergy feedstocks are planted as sustainable buffer strips at 
the margins of conventional row-crop production areas to improve ecosystem services including 
water quality (Sesegane et al., 2016). Even though N fertilization increased biomass production, 
it is necessary to optimize N fertilization rates based on economic and environmental benefits. 
We found that the addition of 84 kg N ha-1 produced 4 Mg (40%) more biomass, removed 29 kg 
(64%) more N and 0.7 kg (10%) more P at our IL location with negligible benefits from rates 
greater than 84 kg N ha-1. 
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CONCLUSIONS 
 
The results of our study find that 1) with appropriate agronomic practices, prairie 
cordgrass is a promising crop for lignocellulosic bioenergy production in Midwest U.S.., 2) 
‘Savoy’ prairie cordgrass, although highly adapted to poorly drained soils, was able to produce 
biomass yields comparable to switchgrass in conventional seed-planted swards in well-drained 
soils, 3) maximum biomass production was realized in the second year after planting and 
maintained for two subsequent years, and 4) prairie cordgrass should be evaluated for sustainable 
biomass production in marginal settings that include seasonally flooded sites and salt-affected 
lands.  
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Tables and Figures 
 
Table 4.1 Significance levels for F-tests from analyses of variance for biomass yield of ‘Red River’ prairie cordgrass as affected by row 
spacing during 2010-2011. 
 
Source DF† Biomass yield 
  -----Mg ha-1---- 
Row spacing 2 NS 
Year 1  *** 
Row spacing*Year 2 NS 
 
† DF, Degree of freedom; Number in parenthesis indicates degree of freedom for plant density 
NS, non-significant, *** significant at 0.001 level.  
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Table 4.2 Significance levels for F-tests from analyses of variance for biomass yield and plant density of ‘Savoy’ prairie cordgrass as 
affected by seeding rate and row spacing during 2012-2016. 
 
Source DF† Biomass yield Plant density 
  -----Mg ha-1---- -----Plant m-2---- 
Row spacing 2 * NS 
Seeding rate 2 NS ** 
Row spacing*Seeding rate 4 NS NS 
Year 3(1)  *** *** 
Row spacing*Year 6(2) * * 
Seeding rate*Year 6(2) NS NS 
Row spacing*Seeding rate 
Seeding rate*Year 
12(4) NS NS 
 
† DF, Degree of freedom; Number in parenthesis indicates degree of freedom for plant density 
NS, non-significant, *, **, and *** significant at the 0.05, 0.01, and 0.001 level, respectively.  
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Table 4.3 Significance levels for F-tests from analyses of variance for biomass yield of ‘Red River’ prairie cordgrass as affected by N 
fertilization during 2010-2011. 
 
 
 
 
 
 
 
 
† DF, Degree of freedom 
NS, non-significant, *** significant at the 0.001 level. 
  
Source DF
†
 Biomass yield 
  -----Mg ha-1---- 
N rate 4 *** 
Year 1 NS 
N rate *Year 4 NS 
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Table 4.4 Significance levels for F-tests from analyses of variance for biomass yield and feedstock composition of ‘Savoy’ prairie 
cordgrass as affected by N fertilization during 2012-2014. 
 
† DF, Degree of freedom 
NS, non-significant, *, **, and *** significant at the 0.05, 0.01, and 0.001 level, respectively.  
  
Source DF
†
 Biomass yield Hemicellulose Cellulose Lignin Ash 
  -----Mg ha-1---- -------------------------------------g kg-1---------------------------------------- 
N rate 3 ** NS NS NS NS 
Year 2 *** *** *** * ** 
N rate *Year 6 * NS NS NS NS 
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Table 4.5 Significance levels for F-tests from analyses of variance for removals of nutrients and minerals of ‘Savoy’ prairie cordgrass 
grown in 2012, 2013, and 2014 at Urbana, IL.  
 
Source DF† N P K S Mg Ca Na B Zn Mn Fe Cu Al 
  
--------------------------------g kg-1------------------------------- -----------------------mg kg-1------------------------ 
N rate 3 ***§ ** NS‡ NS ** * NS NS * NS NS NS NS 
Year 2 *** *** ** NS *** *** *** ** *** ** *** NS *** 
N rate *Year 6 NS NS NS NS NS NS NS NS NS NS NS NS NS 
  
----------------------------kg ha-1----------------------  
      N rate 3 *** NS *** ** *** ***  
      Year 2 *** *** *** *** *** ***  
      N rate *Year 6 *** NS NS * *** **  
       
† DF, Degree of freedom 
‡ NS, non-significant. 
§ * Significant at the 0.05 level, ** Significant at the 0.01 level, *** Significant at the 0.001 level.
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Table 4.6 The effects of N-rate on feedstock quality of ‘Savoy’ prairie cordgrass harvested in 
2012, 2013, and 2014. Values are average across the three years. 
 
    N fertilization rate, kg ha-1 
Parameter Unit 0 84 168 84/84* 
Hemicellulose g kg-1 311.7 310.8 298.6 303.3 
Cellulose g kg-1 408.6 414.7 411.7 403.3 
Lignin g kg-1 64.1 72.6 74.8 70.4 
Ash g kg-1 50.9 45.8 45.9 47.5 
N g kg-1 5.1b† 6.8a 7.5a 7.3a 
P g kg-1 1.1a 0.9b 0.8b 0.8b 
K g kg-1 4.4 4.6 4.9 5.0 
S g kg-1 0.8 0.9 1.0 1.0 
Na g kg-1 0.3 0.3 0.3 0.3 
Ca g kg-1 3.5b 3.5ab 3.8ab 3.8a 
Mg g kg-1 1.1c 1.2bc 1.4a 1.3ab 
N removal kg ha-1 46.4b 75.9a 83.8a 81.5a 
P removal kg ha-1 10.1 10.6 9.5 9.5 
K removal kg ha-1 39.6b 50.8a 54.9a 54.2a 
S removal kg ha-1 6.8b 9.3a 10.6a 10.8a 
Ca removal kg ha-1 30.2b 38.2a 40.9a 39.8a 
Mg removal kg ha-1 9.6b 13.3a 13.9a 14.5a 
Fe mg kg-1 105.7 109.1 116.2 120.1 
Cu mg kg-1 12.8 12.7 12.7 13.0 
Mn mg kg-1 69.8 75.1 97.3 76.3 
B mg kg-1 3.0 3.2 3.3 3.7 
Zn mg kg-1 14.1b 14.3b 16.7a 15.6ab 
Al mg kg-1 43.0 51.4 38.0 45.0 
 
* N rates of 84 and 168 kg ha-1 were applied once annually in the spring. The 84/84 kg N ha-1 treatment was a split 
application of N. 
† Values with different letters are significantly different by Tukey’s studentized range test at 0.05 level of 
probability 
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Table 4.7 The effects of harvest year (2012, 2013, and 2014) on feedstock quality of ‘Savoy’ 
prairie cordgrass. Values are averaged across three N rates. 
 
    Year 
Parameter Unit 2012 2013 2014 
Hemicellulose g kg-1 316.3a† 292.9b 309.1a 
Cellulose g kg-1 407.4b 399.8b 421.4a 
Lignin g kg-1 63.3b 73.8a 74.3a 
Ash g kg-1 48.2ab 50.7a 43.7c 
N g kg-1 6.1b 7.5a 6.4b 
P g kg-1 0.8b 1.0a 1.0a 
K g kg-1 4.6b 5.1a 4.5b 
S g kg-1 1.0 0.9 0.9 
Na g kg-1 0.3a 0.3a 0.2b 
Ca g kg-1 4.2a 3.5b 3.2c 
Mg g kg-1 1.5a 1.2b 1.1c 
N removal kg ha-1 40.4c 96.3a 79.1b 
P removal kg ha-1 5.2b 12.2a 12.4a 
K removal kg ha-1 30.3c 64.1a 55.2b 
S removal kg ha-1 6.2b 11.3a 10.6a 
Ca removal kg ha-1 27.9b 44.3a 39.6a 
Mg removal kg ha-1 9.5c 15.8a 13.2b 
Fe mg kg-1 111.8b 136.1a 90.4b 
Cu mg kg-1 12.8 12.2 13.4 
Mn mg kg-1 72.1b 75.2b 91.7a 
B mg kg-1 3.8a 3.5a 2.7b 
Zn mg kg-1 14.2b 12.9b 18.4a 
Al mg kg-1 59.3a 52.8a 21.0b 
 
† Values with different letters are significantly different by Tukey’s studentized range test at 0.05 level of 
probability 
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Figure 4.1 Monthly mean air temperature during 2010-2016 with 30-year average at Urbana, IL. 
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2012 -0.9 1.1 12.6 11.8 19.6 21.9 26.8 22.2 17.8 10.8 4.4 2.4
2013 -2.4 -1.8 0.7 9.6 17.8 21.4 22.2 22.0 20.1 12.2 3.2 -3.7
2014 -7.1 -7.2 1.6 11.7 17.9 23.0 21.1 23.1 18.3 12.2 1.4 0.6
2015 -4.1 -7.3 3.1 12.2 18.7 22.3 23.1 22.3 21.1 13.6 7.7 4.7
2016 -2.7 0.7 8.8 11.7 16.7 23.5 24.1 24.6 21.9 15.8 8.3 -1.8
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Figure 4.2 Monthly precipitation during 2010-2016 with 30-year average at Urbana, IL.  
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Figure 4.3 The effect of row spacing on biomass yield and establishment of ‘Red River’ prairie 
cordgrass harvested in 2010 and 2011. 
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Figure 4.4 The effect of row spacing on biomass yield and establishment of ‘Savoy’ prairie 
cordgrass harvested in 2013, 2014, 2015, and 2016. 
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Figure 4.5 The effect of seeding rate on biomass yield and establishment of ‘Savoy’ prairie 
cordgrass harvested in 2013, 2014, 2015, and 2016. 
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Figure 4.6 The effect of N-rate on biomass yield of ‘Red River’ prairie cordgrass harvested in 
2010 and 2011. 
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Figure 4.7 The effect of N-rate on biomass yield of ‘Savoy’ prairie cordgrass harvested in 2012, 
2013, and 2014. 
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CHAPTER 5 
GROWTH AND DEVELOPMENT OF TWO PERENNIAL GRASSES IN AMBIENT 
LIGHT CONDITION DURING THEIR NATURAL DORMANT PERIOD 
 
ABSTRACT 
 
Phenological and morphological behaviors under variable temporal and spatial 
environmental conditions provide essential information for breeding native perennial warm-
season grasses for bioenergy and ecosystem goods and services. Among various environmental 
factors, natural photoperiodic signals can impact both vegetative and reproductive growth of 
perennial species. In this study, field-collected plants of switchgrass (Panicum virgatum L.) and 
prairie cordgrass (Spartina pectinata Link) were subjected to ambient photoperiods of either 
increasing or decreasing day length during the dormant period of their normal growth cycles in a 
temperature-controlled greenhouse. Upland switchgrass reacted to a short-day treatment 
(decreasing or increasing day length <12 hours) with a less synchronized dormancy-breaking 
pattern than prairie cordgrass. Prairie cordgrass showed a strict day-length overriding dormancy-
breaking pattern. However, phenological and morphological traits observed during the growing 
season through reproductive development and senescence indicated the capacity to reach sexual 
maturity for both species was not greatly affected by subjection to non-inductive photoperiod 
immediately after breaking dormancy. Overall, our results indicated that switchgrass coped with 
unfamiliar natural photoperiod conditions better than prairie cordgrass in terms of vegetative and 
reproductive growth.  
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INTRODUCTION 
 
Phenological and morphological behaviors of perennial species under variable temporal 
and spatial environmental conditions provide essential information for breeding native perennial 
warm-season grasses for bioenergy and ecosystem goods and services. Among various 
environmental factors, photoperiod response of plants can have significant impact on both 
vegetative and reproductive growth of perennial species. This is especially true for perennial 
plants moved long distances from their origins or experiencing shifted ambient day-length 
associated with temperature changes. Therefore, research aiming to quantify responses of 
perennial grasses to shifted ambient day-length could provide important implications for 
development of new cultivars for rapidly changing environments associated with climate change, 
for example. 
Switchgrass (Panicum virgatum L.) and prairie cordgrass (Spartina pectinata Link), 
recognized as next generation bioenergy feedstocks, showed considerable biomass yield 
potential with extensive phenotypic variation (e.g., Casler and Boe 2003; Boe and Lee 2007; 
Guo et al. 2015). With their wide natural geographic and ecological range of adaptation, a varied 
length of growing seasons and flowering time within species were observed due to different 
photoperiod responses (Casler et al. 2004; Guo 2015). A latitudinal adaptation pattern in 
switchgrass populations enables southern lowland types to show later maturity and higher 
biomass yield at lower latitudes; whereas northern upland types have lower biomass potential but 
higher survival rate in colder northern environments, where the growing season is shorter than at 
lower latitudes (Casler et al. 2004). Furthermore, cultivars or germplasms of perennial grasses 
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may suffer from stand loss if grown too far north from their latitudinal origins due to lack of cold 
tolerance or winter hardiness (Cooper 1952; Sanderson and Wolf 1995; Casler and Boe 2003). 
On the other hand, any cultivars of perennial grasses may suffer from ill adaptation to the shorter 
day length if moved too far south from their latitudinal origins (Smith and Casler 2003; Cassida 
et al. 2005; Volaire and Norton 2006; Newman et al. 2007; Yan et al. 2012). To date, switchgrass 
breeding has generally been limited to using local accessions having similar photoperiod 
responses (Vogel and Pedersen 1993; Martinez-Reyna and Vogel 2002).  However, hybrid 
cultivars developed from crosses between southern lowland (‘Kanlow’) and northern upland 
(‘Summer’) cultivars have shown heterosis for biomass production across a wide geographic area 
(Vogel and Mitchell 2008). 
A current area of research interest is related to how plants that are adapted to a particular 
photoperiod will respond to variation in temperature in their natural environments associated 
with climate change. A possible concern is ill adaptation of early-emerged perennial grasses to 
short day lengths when abnormal warm weather occurred in their natural dormant period of early 
spring. Thus, a better understanding of behavior of perennial warm-season grasses under 
different ambient daylength conditions is crucial for selecting daylength-insensitive genotypes, 
and therefore improve efficacy of future breeding work designed to develop cultivars adapted to 
changes in climate, especially those associated with the advent of warmer winters and springs in 
the northern temperate regions of the United States. Evans (1939) reported large genetic 
variation among populations of timothy (Phleum pratense L.), a long-day plant, for response to 
short day lengths upon emergence. Some populations produced normal growth with 12 hours of 
illumination, whereas others required about 15 hours. Consequently, within timothy, populations 
have a wide range of adaptation to local day lengths from Florida to Alberta. 
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One approach to studying the development of perennials in response to photoperiods that 
they would not encounter during their normal life cycle, involves collecting vegetative 
propagules from dormant plant material during the period from senescence in autumn to prior to 
green-up in the spring in the local area and subjecting them to ambient daylight in a greenhouse 
with consistent range in warm temperatures (e.g., 15-35°C) for breaking of dormancy and 
providing optimum conditions for growth of C4 perennial grasses (Nelson and Volenec 1995).  
In the perennial setting, responses of plants to shifting ambient day length condition were 
rarely reported. Most photoperiod studies focused on effects of either reduced or extended day-
length on vegetative growth and flowering behavior and discussed the importance of genetic 
background determining the variation among grass communities (Olmsted, 1944; McMillan, 
1956; McIntyre 1967; Rivera et al. 2002; Castro et al., 2011). With the exception of Benedict 
(1940), we are not aware of any temperature-controlled studies that compared the growth 
responses of either of these two perennial species under shifting ambient day length conditions 
typical of dormant periods (i.e., early fall after senescence to early spring before green-up). 
Benedict evaluated switchgrass seedlings grown from seed planted on 14 November through 24 
March at Laramie, WY; therefore, he did not measure response to breaking of dormancy during 
the normally quiescent period of the life cycle. He found that switchgrass flowered under both 
ambient (short-day that averaged about 10.5 hours) and 18-hr (long-day from auxiliary lighting) 
photoperiods. Since the seedlings flowered 20 days earlier in the ambient photoperiod, Benedict 
concluded it was a short-day plant. However, the weights of the individual plants in the long-day 
treatment were about 10 times those in the ambient treatment, indicating the long-day 
environment was considerably more favorable for vegetative growth, in general.  He did not 
provide the leaf stage at which heading occurred for either treatment. 
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Whether or not dormant-season photoperiods in controlled temperature environments 
might be useful for synchronizing flowering of genetically diverse populations of perennial 
grasses is unknown. Thus, our objective was to provide baseline data to determine temperature 
driven dormancy breaking, growth, and reproductive behaviors of switchgrass and prairie 
cordgrass during the dormant period of normal growth cycles. Accordingly, we conducted the 
present study to compare phenology and morphology of emergence, growth, and development of 
tillers from dormant proaxes and rhizomes of clonal genotypes of switchgrass and prairie 
cordgrass over a range of ambient day light periods under optimum temperatures during their 
natural dormant period of normal growth cycles.  
 
MATERIALS AND METHODS 
 
Plant Materials and Test Locations 
Urbana, IL: Near the end of each month during October 2011 through February 2012, 
crowns/rhizomes of two genotypes for each of ‘Cave-In-Rock’ (CIR) switchgrass and two 
populations of prairie cordgrass were excavated from a spaced-plant nursery and moved into a 
greenhouse at the University of Illinois in Urbana, IL (88° W, 40° N). For prairie cordgrass, a 
natural population from South Dakota, PCG109, and a local selection, IL102, were chosen 
because of their potential for biomass feedstock production on marginal land. For both species, 
each crown/rhizome was divided evenly into three ramets and arranged in a complete 
randomized fashion within each transplanting date.  Each transplanting treatment was maintained 
as a separate block in the greenhouse and randomized between two growing seasons period. The 
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same procedures were repeated during October 2012 through February 2013, with the exception 
of the December set, which was not collected due to inclement weather. 
Brookings, SD:  Similar to procedures described for Urbana and during the same time 
period from October 2011 to February 2012, crowns of PCG 109 and ‘Summer’ switchgrass 
were excavated from a spaced-plant nursery and moved into a greenhouse at South Dakota State 
University in Brookings, SD (97° W, 44° N). The same procedures were repeated during 
October 2012 through February 2013. However, because of inclement weather during winter, we 
were only able to collect three monthly sets for prairie cordgrass and four sets for switchgrass.  
Plants collected from the field nurseries had been established for at least two years. 
Crowns of individual plants were divided into three ramets of about 70 cm3 in size. On the day of 
collection at each site, for each of two genotypes for each cultivar or population within a species, 
ramets were transplanted in a commercial soil mix (SB500, Bellevue, WA, USA) in individual 
pots (15-cm diam. pot with 1.2 L volume), which were placed on greenhouse benches. The 
previous growing season’s senesced tillers were trimmed at a stubble height of 5 cm after 
transplanting. In order to avoid resumption of growth from apical meristems of overwintering 
tillers of prairie cordgrass, thus only rhizome and proaxial buds were transplanted.  
Light and Temperature Conditions 
At Urbana, greenhouse temperature was maintained between 23°C (night) and 26°C 
(day), and no auxiliary light was employed. At Brookings, greenhouse daytime temperature 
fluctuated with ambient cloud cover, ranging from 18 C to 37 C; however, nighttime temperature 
was maintained at about 18 C. Similar to procedures used at Urbana, no direct artificial lighting 
was provided. Water and a commercial mixed fertilizer were supplied as needed and positions of 
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each pot were randomized at two-week intervals to avoid effects of micro-environmental 
variation in light quality patterns in the greenhouses. 
Collection dates and photoperiod treatments for each experiment are in Table 5.1. For 
ambient daylight conditions, the ramets transplanted during October or November were initially 
placed under decreasing daylength; whereas, ramets transplanted during December, January or 
February, were initially placed under increasing daylength (Figure 5.1). Thus, the ambient 
daylength treatments were decreasing initial daylength or increasing initial daylength depending 
on transplanting date. For October and November collections, plants received three distinct 
photoperiods of natural ambient daylength from decreasing day length (until December 21) 
through increasing day length (December 22 to June 21) and decreasing day length (June 22 to 
September). For December, January and February collections, plants received two natural 
ambient photoperiods from increasing day length (before June) through decreasing day length 
(June to September). For each ramet of each clone, the first emerged tiller was tagged and 
monitored during the growing period.  
Data Collection 
During the course of two experiments tillers produced in the greenhouse from ramets 
collected from the field in each of October 2011 through February 2012 and October 2012 
through February 2013, were evaluated for plant height, number of leaves tiller-1 and number of 
tillers ramet-1 every week until day length reached 14 hours in the spring and at least once a 
month during the summer. Based on morphological development and growth rate, two separate 
generations (i.e., 1st and 2nd cohort) of tillers were determined and maintained through each 
experimental period without disturbance. Morphological and phenological data taken separately 
for each ramet for each genotype of each species were: 1) days from transplant to emergence of 
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the first tiller, 2) number of 1st cohort tillers, 3) dates of onset and completion of senescence of 
1st cohort tillers (prairie cordgrass), 4) dates of a) onset of tiller stagnation for the first cohort of 
tillers (i.e., stunt) and b) resumption of growth (switchgrass), and 5) duration of resumption of 
growth to heading and anthesis. In Urbana, the growth and development patterns for each of the 
two grasses were similar between experiments conducted during autumn 2011 to spring 2012 
and replicated during autumn 2012 to spring 2013. Therefore, at each point in time, mean plant 
height and tiller number were averaged across the two experimental periods (i.e., 2011-2012 and 
2012-2013). 
In this experiment, field dormant period (i.e., dormancy induced under field conditions at 
the two locations) for each transplant of both species was defined as days from the October 
transplanting date to the 1st cohort of tillers emerged. And in order to distinguish from the 
stagnation of the growth of the first cohort of tillers of switchgrass, greenhouse dormant period 
for the 1st cohort tillers of prairie cordgrass were recorded from the youngest leaf blades began to 
yellow and growth ceased, to the 2nd cohort tillers emerged. However, due to a progressive 
resumption of growth pattern after a stagnant stage, no clear dates were recorded on those events 
for switchgrass between stagnation and flowering. Therefore, the period of the reproductive stage 
of switchgrass was recorded as from onset of stagnant status to flowering. Height for 1st cohort 
tillers of prairie cordgrass, which were entirely vegetative with no internode elongation, was 
recorded as the length of the longest leaf (i.e., from the soil surface to the leaf tip of the tallest 
tiller) from each ramet until the entire leaf turned yellow. There was no significant difference 
found between two species for the duration of time that it took to break natural field dormancy in 
the greenhouse (P < 0.05). 
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The aerial component of individual ramets was harvested at soil level in October of each 
of 2012 and 2013 (i.e., end-of-season harvests) at both Urbana and Brookings after reproductive 
tillers had completed anthesis. End-of-season phenotypic traits measured were number of 
reproductive tillers ramet-1 and, for each of four tillers from each ramet, height, number of leaves, 
and panicle length.  
Data Analysis 
Timing of initiation and duration of critical morphological events were used to describe 
the phenological behaviors of both species under ambient daylengths. Since no significant 
differences (P > 0.05) were found between two prairie cordgrass populations for growing season 
or end-of-season morphological traits, data were pooled to compare only between prairie 
cordgrass and switchgrass, with the exception of growth curves. Analyses of variance were 
conducted for number of days to emergence, number of days from start to completion of 1st 
cohort tiller emergence, number of days from dormant (prairie cordgrass) or stagnant 
(switchgrass) states to flower, and days from removal from field to flower were analyzed 
separately by species. Analyses of variance (ANOVA) were conducted for number of days while 
dormant and number of days from emergence to flower for 2nd cohort tillers. Morphological data 
from 1st cohort and 2nd cohort tillers were analyzed separately by location since different 
cultivars were used for the two locations. Species and transplant date were considered fixed. 
Year and genotypes within species were considered random. For each experimental site, mean 
separations were calculated by Tukey’s Studentized Range (HSD) Test. Comparison of two 
cohorts of tillers and end-of-season morphological data between the two sites employed the 
Wilcoxon Rank Sum Test for the local prairie cordgrass ecotypes (‘IL102’ in Urbana and 
‘PCG109’ in Brookings) and the local switchgrass cultivars (CIR in Urbana and ‘Summer’ in 
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Brookings). Tests of significance of treatment effects and mean separations were at the 0.05 level 
of probability unless specified individually. Data analysis, including ANOVA and mean 
separation, was performed using PROC MIXED in SAS (SAS Institute, Cary, NC). 
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RESULTS 
 
Phenological patterns throughout life span 
Significant differences were found between species and among transplant dates for the 
life span of 1st cohort tillers. However, a significant species x transplant date interaction 
indicated that the difference between species was not consistent in responses to transplanting 
dates (Table 5.2). For each of the October through January transplant dates, the difference 
between the two species was consistent. However, for February, 1st cohort tillers of switchgrass 
flowered in late March compared to mid-July for 1st cohort tillers of prairie cordgrass (Figure 
5.2). Similarly, the difference in duration from overwinter to flower between species was 
comparable for November and January transplants but significantly shorter for switchgrass 
compared to prairie cordgrass for October, December and February transplants (Table 5.2; 
Figure 5.2). No differences were found between species or among transplant dates for days to 
emergence (Table 5.2; Figure 5.2). Separate analyses of variance for prairie cordgrass alone 
indicated significant differences among transplant dates for the length of dormancy (i.e., between 
senescence of 1st cohort tillers and emergence of 2nd cohort tillers) and the life span (i.e., days 
between emergence and flowering) of 2nd cohort tillers (Table 5.2).  
For CIR switchgrass, plants in all collection dates maintained green leaf tissue of 1st 
cohort tillers and the ability to produce new tillers throughout the winter (Figures 5.2-5.4). 
However, 1st cohort tillers from plants of CIR transplanted in October, November, December, or 
January ceased growing (hereafter referred to as stagnation) about 35 days after emergence and 
maintained a height of 40 to 60 cm with a second growing spurt during mid-April, when ambient 
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daylength exceeded 13 hours. Tillers from plants of CIR transplanted in February exhibited a 
growing pattern similar to that observed in the field; however, heading for the February 
transplants was about 33 days earlier in the greenhouse than in the field at Urbana.  
For both of the prairie cordgrass populations, 1st cohort tillers of plants transplanted in 
October, November, December, or January ceased growing in height and showed symptoms 
typical of senescence (i.e., chlorotic leaves and tiller dry down) approximately 30 days after 
emergence (Figures 5.3 and 5.4), followed by a dormancy period ranging from 46 to 82 days 
(Figure 5.2). Whereas, both prairie cordgrass populations transplanted to the greenhouse in 
February exhibited growing pattern similar to plants in the field, with the 1st cohort tillers 
reaching sexual maturity. This was in contrast to the behavior of tillers of CIR switchgrass 
transplanted during those months. For CIR, first-cohort tillers went through a stagnant period of 
no growth, but they maintained green leaf tissue and eventually resumed growth and flowered 
(Figures 5.2-5.4).  
Comparison among transplanting dates 
In Urbana, both species broke field dormancy about two weeks after transplanting under 
the controlled temperature in the greenhouses; and the dormancy breaking pattern was similar for 
all plants transplanted in October, November, December, January, or February (Figures 5.2-5.4). 
However, significant differences were observed among months of collection for vegetative and 
reproductive growth characteristics of both species (Figures 5.2-5.4). For CIR switchgrass 
transplanted in October, November, December, or January, tillers from the 1st cohort showed no 
significant differences for the duration of the stagnant period during which no increase in height 
occurred (Figure 5.3). Cave-In-Rock transplanted in October, November, December, or January 
reached heading 139, 160, 96 and 124 days from the beginning of the stagnant stage, respectively. 
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Whereas, tillers from ramets of CIR transplanted in February reached heading 32 days after 
emergence. From when the October set was collected (include overwinter period: period between 
the October collection and other months’ collection) to heading in the greenhouse, CIR 
transplanted in October, December, or February flowered on a similar date (P > 0.5). However, 
CIR transplanted in November and January flowered about 50 days later than the other 
transplants (Figure 5.4).  
Regardless of transplant date from October through December, 1st cohort tillers of prairie 
cordgrass showed a similar initial growing period of about 25 days. However, the dormancy 
period of prairie cordgrass was significantly shorter for the January transplant date compared to 
the October, November, or December dates which showed a similar dormancy period of about 80 
days (Figure 5.4). In contrast, January and February transplants had significantly shorter 
dormancies with 46 and 0 days, respectively, compared to the other transplants, The IL102 
population had a longer dormancy than PCG 109 for each transplant date. After breaking 
dormancy, prairie cordgrass transplanted in October, November, December, or January reached 
heading after 160, 121, 103, and 103 days, respectively. Prairie cordgrass transplanted in 
February reached heading 166 days after tiller emergence without any dormancy symptoms. 
Counting days from when the October set was collected (include overwinter period for other sets) 
to flower in the greenhouse, all prairie cordgrass transplants flowered on a similar date within the 
first week of August (P > 0.5). In general, CIR switchgrass had a longer 1st cohort tiller period 
than prairie cordgrass. 
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Comparison of end-of-season performance between two locations 
To compare the behavior of prairie cordgrass and switchgrass under different ambient 
daylight conditions in their local daylength conditions, the end-of-season morphological traits 
including plant height, number of leaves tiller-1, number of reproductive tillers ramet-1, and 
panicle length collected from Urbana and Brookings sites are summarized in Figures 5.5-5.7, 
respectively. The analysis of variance for each morphological trait indicated that plants in 
Brookings showed very similar dormancy-regrowth behavior to those in Urbana (Tables 5.3 and 
5.4). The significant effect from transplanting date on the 2nd cohort of tillers were mainly due to 
the lack of 2nd cohort tillers from February transplants. Compared to plants at Brookings, the 1st 
cohort tillers from both species at Urbana showed significant differences among transplanting 
dates (Table 5.3). 
For prairie cordgrass, IL102 in Urbana produced longer tillers than PCG109 at Brookings 
throughout the transplanting dates for both cohorts of tillers. However, there was very limited 
dormancy period observed for December and January transplants at Brookings. The magnitudes 
of 2nd cohort tiller length differences among transplanting dates were site dependent. In Urbana, 
the November transplants had significantly shorter 2nd cohort tillers than other transplants while 
an opposite trend occurred in Brookings. For Brookings, February transplants had a higher leaf 
number than other transplants, and plants overall had more leaves than those in Urbana (P < 
0.01). Plants in Urbana had longer panicles than those in Brookings for all transplanting dates (P 
< 0.001). The November transplants had the shortest panicles for both sites. Plants produced 
similar numbers of reproductive tillers at both sites.  
Although two locally adapted switchgrass cultivars were selected for this experiment, 
both 1st and 2nd cohort tillers followed the same pattern between the two sites. Plants from 
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December and January transplants had the shortest 1st and 2nd cohort tillers. The February 
transplants obtained heights similar to field-grown plants. The 2nd cohort tillers for both cultivars 
showed no significant difference among transplanting dates for height (Figure 5.5). For ‘Summer’ 
switchgrass in Brookings, there was no significant differences among transplanting dates for leaf 
number on 1st cohort tillers. However, the ‘Cave-In-Rock’ switchgrass in Urbana had higher leaf 
numbers on October, November, December, and January transplants compared to February 
transplants. There were no significant differences for leaf number on 2nd cohort tillers in both 
sites among transplanting dates. ‘Cave-In-Rock’ switchgrass showed no significant differences 
in panicle length among transplanting dates. Whereas, in Brookings, February transplants had 
longer panicles than those from the other transplanting dates. Switchgrass in both sites had more 
reproductive tillers on February transplants than all other transplanting dates. However, plants 
transplanted in October at Brookings had more reproductive tillers than November, December, 
and January transplants. 
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DISCUSSION 
 
Denlinger et al. (2010) pointed out that the rapid temperature change now occurring 
globally will likely lead to situations where inherent photoperiod responses will not be optimum 
for plant growth and development and suggested that this should be an area of future research. 
Since dormancy break in perennial grasses is predominantly temperature driven, there is a strong 
likelihood of earlier initiation of growth in the spring and that those plants could be out of 
synchrony with the photoperiod that would be optimal for biomass accumulation and flowering. 
Previous studies on a wide range of perennial species showed that light and temperature 
requirements for plant growth development are often closely related to photoperiodic 
characteristics of the growing season and the climate of the place of origin (Olmsted 1944; Ryle 
1966; Cooper and Calder 1964). Van Esbroeck et al. (2003) and Castro et al. (2011) also 
described variation among switchgrass cultivars in response to ambient daylight or extended 
photoperiod conditions. In their studies, the life cycles of vegetative growth rate were not 
monitored to examine ambient daylight effect among different species and cultivars.  
In this present study, two perennial species, prairie cordgrass and switchgrass, grown 
under five shifting ambient photoperiods with artificially-controlled temperature conditions 
showed similar growth rates promoted by an increasing daylength at both locations. Switchgrass 
showed a greater ability than prairie cordgrass to maintain tiller development under short day 
lengths. However, the duration and growing period to reach reproductive stage varied among 
transplanting dates. This might be due to a disrupted nutrient cycling from carrying the 
vegetative growth through winter ambient daylight condition. Leaf number on the 1st cohort 
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tillers of switchgrass from autumn transplantings exceeded the normal number observed in the 
field (Van Esbroeck et al. 1997) and those on the 2nd cohort tillers, as well. This was likely due to 
the fact that the photoperiod was adequate for addition and growth of vegetative phytomers; 
however, the photoperiod was not long enough to invoke floral initiation. This could be the 
effect of warm temperature promoting switchgrass to reach the “maturity factor” described by 
McMillan (1957) and Castro et al. (2011). In their study, leaf number was considered as an index 
of reaching critical stage for floral induction. However, in this study, only the February 
collection reached flowering in their 1st cohort with lower leaf number than other transplanting 
dates. Moreover, similar to observations by Castro et al. (2011) February transplants underwent 
flowering more than 60 days before the summer solstice. Thus, the shorter daylength between the 
end of January and the end of February, although increasing in length daily, appeared to have an 
inhibiting effect on floral induction. 
 However, since different genotypes were sampled each collection period, a genetic 
influence cannot be ruled out. Since prairie cordgrass had similar dormancy periods for the 
October through December transplants, and the January transplants had the shortest dormancy 
period, this species appeared to have a facultative dormancy behavior which evoked regular 
growth after a certain cold period requirement of winter and subsequent warm temperature 
conditions are supplied between December and January (Villiers 1975; Aamlid et al. 2000). 
Surprisingly, plants from different transplanting dates all flowered within the first week of 
August by adjusting the dormancy and regrowth period length. Prairie cordgrass produced more 
leaves on 2nd cohort tillers than 1st cohort tillers for the autumn transplanting dates. This might 
also be an indication of determinative growth occurred before evoking sexual reproductive 
development (Shewry 2001; Rice 1950). The distinct morphological behaviors from these two 
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species indicated switchgrass is more inducible to flower than prairie cordgrass under short 
ambient day length conditions. 
In this experiment, the end-of-season morphological traits of both species indicated that 
the shifting ambient daylight had a minor effect on plant viability overall if minimum 
requirements, i.e., temperature, water, and nutrients were supplied. Second cohort tillers of both 
species were longer and larger than 1st cohort tillers regardless of length of the stagnant period. 
The enhanced number of reproductive tillers of switchgrass from initial growth of the February 
collection suggested that the combination of 1st and 2nd cohort tillers impacted vigor during the 
overwinter period in the greenhouse. However, the panicle lengths of 2nd cohort tillers of 
switchgrass were not largely affected by the previous photoperiod conditions. This indicated that 
productivity of seed might not be affected as long as the normal frequency of reproductive tillers 
was attained. This suggested that it is possible for greenhouse pollination among switchgrass 
cultivars in northern latitudes where rhizomes/crowns have to be excavated before winter comes.  
A comparison between the two locations provided additional information on the 
behaviors of the two local prairie cordgrass populations and two locally-adapted switchgrass 
cultivars under two different ambient daylight conditions. In our study, the locally-adapted 
switchgrass cultivars followed a similar pattern in responses to transplanting dates at two 
locations for plant height, leaf number, reproductive tiller number, and panicle length, in general. 
Although there is a limited day length difference between two sites, the magnitudes of 
differences for those traits among transplanting dates were probably due to a combination of 
genetic and environmental condition differences. In McMillan’s (1956) study, although mostly 
descriptive, each of three perennial species showed distinctive growth behaviors among grass 
communities (i.e. natural populations) within a distance of 2° latitude and 8° longitude. It is 
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noticeable that ‘Summer’ switchgrass, which has its origin from a natural population near 
Nebraska City, NE (40.69° N, 95.91° W), had higher variability under different ambient day 
length conditions compared to ‘Cave-In-Rock’ which was selected from a natural population 
located near 37.5° N, 88.2° W.  
For prairie cordgrass, the growth of PCG109 in Brookings was more determinate than 
IL102 in Urbana during the winter months. The PCG109 might have a more restricted adaptation 
or requirement for cold temperatures compared to IL102, which could reduce the 1st cohort of 
vegetative growth. The significant difference in the responses in panicle length to transplanting 
date between the two locations was likely due to the different genetic backgrounds. The February 
transplanting of switchgrass showed a higher reproductive vigor than other transplanting dates 
with higher number of reproductive tillers and panicle length; whereas, prairie cordgrass had no 
differences among transplanting dates for number of panicles or panicle length. Although 
switchgrass had a higher capacity for sexual reproduction than prairie cordgrass overall, the 
overwinter transplants still showed a decline of reproductive vigor compared to February 
transplants. This might be an indication of the level of differences of switchgrass and prairie 
cordgrass adaptability to changing environments. It will be important to test if these differences 
will have impact on biomass production of switchgrass and prairie cordgrass in the field.  
In anticipation of gradual climate change or more frequent occurrence of extreme weather 
events, such as abnormally warm conditions in early spring, native perennial warm-season 
grasses such as switchgrass and prairie cordgrass could be evoked to break dormancy during an 
unfamiliar photoperiod. For example, common-garden transplant studies conducted by McMillan 
(1965) showed that moving native warm-season grasses, such as big bluestem, little bluestem, 
Indiangrass, and switchgrass, from natural grasslands in the northern Great Plains to Austin, TX 
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resulted in much earlier green up and heading in Texas compared to in their natural environment. 
Clones of switchgrass from SD emerged in early March with flowering occurring in early May in 
Texas; whereas, in their natural habitat, emergence occurred in early May with flowering in early 
July. Switchgrass and prairie cordgrass could be evaluated in multiple locations with a similar 
fashion as described in McMillan’s (1965) study. However, since these two species evolved with 
distinctive morphology and behavior of overwintering buds (Boe et al. 2009), future studies 
should focus on different scopes corresponding to their nature of adaptation. Based on the results 
of this study, upland switchgrass cultivars ‘Summer’ and ‘Cave-In-Rock’ could inherit genotypes 
that are not or less sensitive to the different daylength conditions. Breeders could make selection 
on photoperiod sensitivity by evaluating individual genotypes at various latitudes covering 
multiple hardiness zones. For prairie cordgrass, the strict dormancy-breaking adaptation to short 
day length conditions might be an appealing model for understanding the physiology of 
perennial grass dormancy. 
Results of the present study suggested northern upland switchgrass cultivars, with origins 
from natural populations in southeastern Nebraska or southern Illinois, could cope with 
dormancy breaking prior to the normal time during spring better than prairie cordgrass, with 
origins east central Illinois or southeastern South Dakota, as long as the temperature remains 
above the threshold that forced the breaking of dormancy throughout the spring. This is similar 
to what happens when abnormal warm weather occurred in spring. When warm spring is 
accompanied with several days of frost, selection of superior spring stand for biomass production 
has to take this into consideration. For prairie cordgrass, the strict “mature to dormant” 
mechanism might help prairie cordgrass produce more consistent biomass compared to 
switchgrass since secondary dormant period will maintain through the low temperature in winter. 
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Obviously, because of the latitudinal and longitudinal locations of our study sites, our 
morphological and phenological observations might be most applicable to USDA Winter 
Hardiness Zones 4 and 5. Further evaluation of utilizing ambient daylight treatment on more 
perennial species is encouraged to facilitate identification of different genetic responses that 
could be useful in the development of new cultivars for rapidly changing environments.  
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Tables and Figures 
Table 5.1 Transplanting dates for prairie cordgrass and switchgrass in Urbana, IL and Brookings, 
SD during 2011 and 2012. 
Location 
Transplanting date 
2011-2012 
Transplanting date 
2012-2013 
 Urbana 
26 Oct.  30 Oct. 
21 Nov. 30 Nov. 
21 Dec.  - 
26 Jan.  21 Jan. 
24 Feb.  15 Feb. 
Brookings 
26 Oct.  12 Oct. 
26 Nov.  5 Dec. 
23 Dec.  - 
26 Jan.  29 Jan. 
27 Feb.  - 
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Table 5.2  Levels of significance associated with the F-tests for each of the main effects of 
species and transplant date and their first order interaction for days to emergence, life span of 1st 
cohort tillers, duration of dormant period for prairie cordgrass, overwinter to flower, number of 
dormant (PCG) or stagnant (SW) days, and duration of emergence to flowering for 2nd cohort 
tillers days (PCG) averaged across two growth cycles at Urbana, IL. Duration and dormancy and 
duration from emergence to flowering for 2nd cohort tillers applies to prairie cordgrass only.  
 
DF 
Days to 
Emergence 
Life Span 
(Days) 
1st cohort 
Days from 
Dormant/Stagnant to 
Flower 
Days from 
Overwinter 
to Flower 
Species 1 0.3030 <.0001 0.0427 0.0378 
Transplant date 4 0.6263 0.0062 0.0018 0.0320 
Species*Transplant 
date 
4 0.9516 <.0001 0.0975 0.0122 
  
Days While 
Dormant 
 
Days from 
Emergence 
to Flower 
2nd cohort 
 
 
Transplant date 
(Prairie cordgrass) 
4 0.0019 0.0354 - 
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Table 5.3 Levels of significance associated with the F-tests for each of the main effects of 
species, transplant date and their interactions for plant height, leaf number, reproductive tiller 
number, and panicle length based on two years’ data at Urbana, IL.  
  DF PH† LN‡ RTN§ PL¶ 
1st cohort      
Species 1 0.1566 0.0869 
- - Transplant date 4 <.0001 0.2905 
Species*Transplant date 4 0.0413 <.0001 
2nd cohort 
 
    
Species 1 0.3394 0.7736 0.0376 0.0336 
Transplant 4 0.0031 0.0002 <.0001 0.7213 
Species*Transplant date 4 0.3520 0.2619 <.0001 0.3044 
† PH = Plant height (cm) 
‡ LN = Number of leaves tiller-1 
§ RTN = Number of reproductive tillers ramet-1 
¶ PL = Panicle length (cm) 
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Table 5.4 Levels of significance associated with the F-tests for each of the main effects of 
species, transplant date and their interactions for plant height, leaf number, reproductive tiller 
number, and panicle length based on two years’ data at Brookings, SD. 
  DF PH† LN‡ RTN§ PL¶ 
1st cohort      
Species 1 0.4009 0.1413 
- - Transplanted 4 0.2763 0.4223 
Species*Transplanted 4 0.7362 0.5550 
2nd cohort 
 
    
Species 1 0.3651 0.3307 0.0518 0.0003 
Transplanted 4 0.0012 0.0003 0.001 0.9986 
Species*Transplanted 4 0.2730 0.0712 <.0001 0.9634 
† PH = Plant height (cm) 
‡ LN = Number of leaves tiller-1 
§ RTN = Number of reproductive tillers ramet-1 
¶ PL = Panicle length (cm) 
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Figure 5.1 Ambient day length in Urbana, IL and Brookings, SD (USNO, W 88º13´ N40º 06´). The black arrow on each month 
indicates when plants were moved from the field into the greenhouse. 
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Figure 5.2 Vegetative and reproductive behavior of prairie cordgrass (PCG) and Cave-In-Rock 
switchgrass (SW) under ambient photoperiod conditions for five transplant dates (i.e., months) averaged 
across two growth cycles (2011-2012 and 2012-2013) at Urbana, IL. The end of horizontal bars indicates 
the flowering date.  
 
  † Significantly different among transplant dates at the 0.05 level of probability 
‡ Significantly different compared to February transplant at the 0.05 level of probability 
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Figure 5.3 Responses of plant height of switchgrass and prairie cordgrass during November 
2011 through October 2012 for prairie cordgrass and switchgrass genotypes transplanted from 
the field to the greenhouse during October 2011, November 2011, December 2011, January 
2012, or February 2012 at Urbana, IL.  
 
 
 
  October 
November 
December 
January 
February 
NS
‡
 
* 
*† 
* 
* 
† Significantly different compared among species/ecotypes at the 0.05 level of probability 
‡ NS, Not significantly different among species/ecotypes at the 0.05 level of probability 
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Figure 5.4 Changes in tiller number in ambient day length during November 2011 through 
October 2012 for prairie cordgrass and switchgrass genotypes transplanted from the field to the 
greenhouse during October 2011, November 2011, December 2011, January 2012, or February 
2012 at Urbana, IL.  
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January 
February 
*† 
* 
* 
* 
NS
‡
† Significantly different compared among species/ecotypes at the 0.05 level of probability 
‡ NS, Not significantly different among species/ecotypes at the 0.05 level of probability 
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Figure 5.5 Plant height means for first and second cohort tillers for two populations for each of prairie cordgrass and switchgrass at 
Urbana (A and B) and Brookings (C and D) averaged across growth cycles (October through February 2011-2012 and 2012-2013). 
   
† Significantly different compared among transplant dates at the 0.05 level of probability 
Error bars are standard errors of the means 
*  
A B 
C D 
* 
* 
† 
* * 
* * 
* 
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Figure 5.6 Means for number of leaves tiller-1 for first and second cohort tillers for two populations for each of prairie cordgrass and 
switchgrass at Urbana (A and B) and Brookings (C and D) averaged across growth cycles (October through February 2011-2012 and 
2012-2013).   
† Significantly different compared among transplant dates at the 0.05 level of probability 
Error bars are standard errors of the means 
* 
A B 
C D 
† 
* 
* * 
* * 
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Figure 5.7  Comparison of panicle length (PL) and reproductive tiller number ramet-1 (RTN) of PCG109 prairie cordgrass and two 
switchgrass cultivars between Urbana (A and B) and Brookings site (C and D) averaged across growth cycles (October through 
February 2011-2012 and 2012-2013). 
 
 
 
 
 
 
 
 
 
  
† Significantly different compared among transplant dates at the 0.05 level of probability 
Error bars are standard errors of the means 
A B 
C D 
* 
* 
† 
* 
* 
* 
141 
 
Literature Cited 
 
Aamlid, T. S. (1992). Effects of temperature and photoperiod on growth and development of 
tillers and rhizomes in Poa pratensis L. ecotypes. Annals of Botany, 69(4), 289-296.  
Aamlid, T. S., Heide, O. M., & Boelt, B. (2000). Primary and secondary induction requirements 
for flowering of contrasting European varieties of Lolium perenne. Annals of 
Botany, 86(6), 1087-1095.  
Benedict, H. M. (1940). Effect of day length and temperature on the flowering and growth of 
four species of grasses. Journal of Agricultural Research, 61(9), 661-71.  
Boe, A., and H. Bhandari. (2013). Genetic variation for phenotypic plasiticity in switchgrass. 
Switchgrass II. 10-12 September 2013. Madison, WI. 
http://dfrc.wisc.edu/switchgrass/abstracts/SW-II_Abstracts_2013.pdf. 
Boe, A., & Lee, D. K. (2007). Genetic variation for biomass production in prairie cordgrass and 
switchgrass. Crop Science, 47(3), 929-934.  
Boe, A., Owens, V., GONZALEZ‐HERNANDEZ, J., Stein, J., Lee, D. K., & Koo, B. C. (2009). 
Morphology and biomass production of prairie cordgrass on marginal lands. GCB 
Bioenergy, 1(3), 240-250. 
Calder, D. M. (1963). Environmental Control of Flowering in Dactylis Glomerata 
L. Nature, 197, 882-883.  
Calder, D. M. (1964). Stage development and flowering in Dactylis glomerata L. Annals of 
Botany, 28(2), 187-206.  
Casler, M. D., & Boe, A. R. (2003). Cultivar× environment interactions in switchgrass. Crop 
Science, 43(6), 2226-2233. 
Casler, M. D., Vogel, K. P., Taliaferro, C. M., & Wynia, R. L. (2004). Latitudinal adaptation of 
switchgrass populations. Crop Science, 44(1), 293-303.  
Cassida, K. A., Muir, J. P., Hussey, M. A., Read, J. C., Venuto, B. C., & Ocumpaugh, W. R. 
(2005). Biomass yield and stand characteristics of switchgrass in south central US 
environments. Crop Science, 45(2), 673-681. 
Castro, J. C., Boe, A., & Lee, D. K. (2011). A simple system for promoting flowering of upland 
switchgrass in the greenhouse. Crop science, 51(6), 2607-2614. 
Cooper, J. P. (1952). Studies on growth and development in Lolium: III. Influence of season and 
latitude on ear emergence. The Journal of Ecology, 352-379. 
Cooper, J. P. (1960). Short-day and low-temperature induction in Lolium. Annals of 
Botany, 24(2), 232-246. 
142 
 
Cooper, J. P., & Calder, D. M. (1964). The inductive requirements for flowering of some 
temperate grasses. Grass and Forage Science, 19(1), 6-14. 
Guo, J., Thapa, S., Voigt, T., Rayburn, A. L., Boe, A., & Lee, D. K. (2015). Phenotypic and 
biomass yield variations in natural populations of prairie cordgrass (Spartina pectinata 
Link) in the USA. BioEnergy Research, 8(3), 1371-1383. 
Denlinger, D.L., D.E. Somers, and R.J. Nelson. (2010). Epilogue: Future directions. In R.J. 
Nelson et al. (ed.) Photoperiodism: The biological calendar. Oxford Univ. Press, New 
York, NY. p. 561-566 
Evans, M. W. (1939). Relation of latitude to certain phases of the growth of timothy. American 
Journal of Botany, 212-218. 
Farrell, A. D., Clifton‐Brown, J. C., Lewandowski, I., & Jones, M. B. (2006). Genotypic 
variation in cold tolerance influences the yield of Miscanthus. Annals of Applied 
Biology, 149(3), 337-345. 
Hamner, K. C., & Bonner, J. (1938). Photoperiodism in relation to hormones as factors in floral 
initiation and development. Botanical Gazette, 100(2), 388-431. 
Körner, C. H. (1995). Alpine plant diversity: a global survey and functional interpretations. 
In Arctic and alpine biodiversity: Patterns, causes and ecosystem consequences (pp. 45-
62). Springer Berlin Heidelberg. 
Larsen, E. C. (1947). Photoperiodic responses of geographical strains of Andropogon 
scoparius. Botanical Gazette, 109(2), 132-149. 
Lewandowski, I., Scurlock, J. M., Lindvall, E., & Christou, M. (2003). The development and 
current status of perennial rhizomatous grasses as energy crops in the US and 
Europe. Biomass and Bioenergy, 25(4), 335-361. 
Lindsey, K. E., & Peterson, M. L. (1962). High Temperature Suppression of Flowering in Poa 
Pratensis L. Crop Science, 2(1), 72-74. 
Martinez-Reyna, J. M., & Vogel, K. P. (2002). Incompatibility systems in switchgrass. Crop 
Science, 42(6), 1800-1805. 
McIntyre, G. I. (1967). Environmental control of bud and rhizome development in the seedling 
of Agropyron repens L. Beauv. Canadian Journal of Botany, 45(8), 1315-1326. 
McMillan, C. (1956). Nature of the plant community. I. Uniform garden and light period studies 
of five grass taxa in Nebraska. Ecology, 37(2), 330-340. 
McMillan, C. (1959). The role of ecotypic variation in the distribution of the central grassland of 
North America. Ecological Monographs, 29(4), 285-308. 
143 
 
McMillan, C. (1965). Ecotypic differentiation within four North American prairie grasses. II. 
Behavioral variation within transplanted community fractions. American Journal of 
Botany, 55-65. 
Moser, L. E., & Vogel, K. P. (1995). Switchgrass, big bluestem, and indiangrass. Forages, 1, 
409-420. 
Newman, Y. C., Sinclair, T. R., Blount, A. S., Lugo, M. L., & Valencia, E. (2007). Forage 
production of tropical grasses under extended daylength at subtropical and tropical 
latitudes. Environmental and experimental botany, 61(1), 18-24. 
Olmsted, C. E. (1944). Growth and development in range grasses. IV. Photoperiodic responses in 
twelve geographic strains of side-oats grama. Botanical Gazette, 106(1), 46-74. 
Shewry, R. (2001). Developmental Biology of Flowering Plants. V. Raghavan. 2000. Plant 
growth regulation. 33:245-245. 
Rice, E. L. (1950). Growth and floral development of five species of range grasses in central 
Oklahoma. Botanical Gazette, 111(4), 361-377. 
Rivera, G., Elliott, S., Caldas, L. S., Nicolossi, G., Coradin, V. T., & Borchert, R. (2002). 
Increasing day-length induces spring flushing of tropical dry forest trees in the absence of 
rain. Trees, 16(7), 445-456. 
Ryle, G. J. A. (1966). Effects of photoperiod in the glasshouse on the growth of leaves and tillers 
in three perennial grasses. Annals of Applied Biology, 57(2), 257-268. 
Sanderson, M. A., & Wolf, D. D. (1995). Morphological development of switchgrass in diverse 
environments. Agronomy Journal, 87(5), 908-915. 
Sanderson, M. A., Reed, R. L., McLaughlin, S. B., Wullschleger, S. D., Conger, B. V., Parrish, 
D. J., ... & Hussey, M. A. (1996). Switchgrass as a sustainable bioenergy 
crop. Bioresource Technology, 56(1), 83-93. 
Sanderson, M. A., Reed, R. L., Ocumpaugh, W. R., Hussey, M. A., Van Esbroeck, G., Read, J. 
C., ... & Hons, F. M. (1999). Switchgrass cultivars and germplasm for biomass feedstock 
production in Texas. Bioresource Technology, 67(3), 209-219. 
Sanderson, M. A., Read, J. C., & Reed, R. L. (1999). Harvest management of switchgrass for 
biomass feedstock and forage production. Agronomy Journal, 91(1), 5-10. 
Santamaría, L., Figuerola, J., Pilon, J. J., Mjelde, M., Green, A. J., De Boer, T., ... & Gornall, R. 
J. (2003). Plant performance across latitude: the role of plasticity and local adaptation in 
an aquatic plant. Ecology, 84(9), 2454-2461. 
Smith, K. F., & Casler, M. D. (2004). Spatial analysis of forage grass trials across locations, 
years, and harvests. Crop Science, 44(1), 56-62.  
144 
 
Van Esbroeck, G. A., Hussey, M. A., & Sanderson, M. A. (1997). Leaf appearance rate and final 
leaf number of switchgrass cultivars. Crop Science, 37(3), 864-870. 
Van Esbroeck, G. A., Hussey, M. A., & Sanderson, M. A. (2003). Variation between Alamo and 
Cave-in-Rock switchgrass in response to photoperiod extension. Crop Science, 43(2), 
639-643. 
Villiers, T.A. (1975). Dormancy and the survival of plants. Edward Arnold Publ. Limit., London, 
GB. 
Vogel, K. P., and Pedersen, J. F. (1993). Breeding Systems for Cross‐Pollinated Perennial 
Grasses. Plant breeding review. 11:251-274. 
Vogel, K. P., & Mitchell, R. B. (2008). Heterosis in switchgrass: biomass yield in swards. Crop 
Science, 48(6), 2159-2164. 
Volaire, F., & Norton, M. (2006). Summer dormancy in perennial temperate grasses. Annals of 
botany, 98(5), 927-933. 
Wareing, P. F., and Phillips, I. D. J. (1970). The control of growth and differentiation in plants. 
Pergamon Press, Oxford, p.303 
Wycherley, P. R. (1952). Temperature and photoperiod in relation to flowering in three perennial 
grass species. Meded. Landbouwhogesch. Wageningen 52:75-92. 
Yan, J., Chen, W., Luo, F. A. N., Ma, H., Meng, A., Li, X., ... & Han, B. I. N. (2012). Variability 
and adaptability of Miscanthus species evaluated for energy crop domestication. GCB 
Bioenergy, 4(1), 49-60. 
  
145 
 
CHAPTER 6 
CONCLUDING REMARKS 
 
By gathering the results and information from this series of studies, we determined that 
prairie cordgrass is a potential dedicated bioenergy crop for marginal lands. The four-year field 
evaluation of 42 natural prairie cordgrass populations indicated prairie cordgrass has high 
biomass productivity potential and great genetic variability among natural populations from 
different hardiness zones and ecoregions. Direct and indirect effects in path coefficient analyses 
revealed that positive response to direct or indirect selection is possible for yield components 
such as plant height, reproductive tiller weight, and vegetative tiller weight under spaced-plant 
conditions. Several prairie cordgrass populations evaluated in this study produced biomass yields 
comparable to switchgrass in the Midwest, and suggest that phenotypic selection could be a 
useful tool for improving prairie cordgrass biomass yields. Evaluating the adaptation of natural 
populations by testing in multiple locations using sward-plot design is also recommended to 
improve future selections of prairie cordgrass for biomass. A follow-up study of the molecular 
variation in prairie cordgrass reported significant population genomic variation and potential 
diversity centers in prairie cordgrass based on the analysis of 5033 SNPs from 96 natural 
populations. Three distinct genetic groups were identified associated with ploidy levels, 
geographical and ecotypic separation. Analysis of intraspecific variation among and within 
genetic groups and ploidy levels hypothesized a post-glacial migration history of prairie 
cordgrass from south to north latitude regions. Future studies of local prairie cordgrass landscape 
variation related to geographic isolations and ploidy levels could provide further information on 
the adaptation strategies in perennial grass species. Moreover, studies of association between 
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agro-climatic traits and molecular variants could discover molecular markers that contribute to 
the distribution of prairie cordgrass in North America.  
The four-year evaluation of ‘Savoy’ prairie cordgrass responses to row-spacing, seeding 
rates, and nitrogen rates also supports prairie cordgrass as a promising lignocellulosic bioenergy 
producer in Midwest U.S. when grown using appropriate agronomic management. While adapted 
to poorly drained soils, ‘Savoy’ prairie cordgrass produced biomass yield comparable to 
switchgrass in conventional seed-planted swards in well-drained soils. Maximum biomass 
production was realized in the second year after planting and maintained for two subsequent 
years. In the field, ‘Savoy’ prairie cordgrass can be established with a minimum seeding rate of 
160 PLS m-2 using a 76-cm row spacing and have sustainable biomass production The addition 
of 84 kg N ha-1 produced 4 Mg (40%) more biomass, removed 29 kg (64%) more N and 0.7 kg 
(10%) more P at an IL location with negligible benefits when rates above 84 kg N were applied. 
In the future, prairie cordgrass should be evaluated in various marginal settings, including 
seasonal flooding and salt-affected lands for sustainable biomass production.  
In a temperature-controlled greenhouse, ‘IL102’ and ‘PCG109’ prairie cordgrass, and 
‘Cave-In-Rock’ and ‘Summer’ switchgrass were evaluated for response to ambient photoperiods 
of either increasing or decreasing day length during the dormant period of their normal growth 
cycles. Two upland switchgrass reacted to a short-day treatment (decreasing or increasing day 
length <12 hours) with a less synchronized dormancy-breaking pattern than prairie cordgrass. 
Two prairie cordgrass populations showed a strict day-length overriding dormancy-breaking 
pattern. However, phenological and morphological traits observed during the growing season 
through reproductive development and senescence indicated the capacity to reach sexual 
maturity for both species was not greatly affected by subjection to non-inductive photoperiod 
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immediately after breaking dormancy. Overall, our results indicated that switchgrass coped with 
changes in the natural photoperiod conditions better than prairie cordgrass in terms of vegetative 
and reproductive growth. However, the strict “mature to dormant” mechanism might help prairie 
cordgrass produce more consistent biomass compared to switchgrass since a secondary dormant 
period will maintain through the low temperatures in winter. 
In conclusion, the assessment of phenotypic and genetic variation among those natural 
populations indicated that prairie cordgrass has a high adaptability to different regions in North 
America. The wide range of different prairie cordgrass populations could allow breeders to 
develop cultivars that can produce high biomass yields on marginal land. The heterosis in prairie 
cordgrass can also be explored. With optimized field management including row-spacing, 
seeding rate, and nitrogen fertilization rates, it’s likely that ‘Savoy’ prairie cordgrass can produce 
more than 14 Mg ha-1 biomass starting in the second year after establishment. The investment in 
nitrogen fertilizer can be adjusted depending on the producers’ requirement of feedstock quality 
and nutrient removal. Understanding the growth pattern of two perennial grasses under shifting 
ambient light conditions can assist breeders that need to synchronize flowering in greenhouses or 
grow specific cultivars or genotypes for bioenergy crops in fields with different photoperiod 
conditions. Overall, this dissertation will help future researchers by offering a greater 
understanding of prairie cordgrass morphology, genetics, agronomy, and physiology. 
